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RESUMO 
 
A catálise é uma área de plena ascensão no cenário científico atual. Desta forma, o 
desenvolvimento de novos catalisadores e a compreensão das modificações do material 
durante o processo catalítico tornam-se áreas de pesquisa extremamente atrativas. Diante 
deste panorama, o objetivo geral deste trabalho foi a utilização do sistema bimetálico cobre-
ouro (AuCu) como um catalisador modelo para aplicação em catálise heterogênea, buscando a 
compreensão dos mecanismos envolvidos na formação da liga AuCu e sua posterior aplicação 
em catálise. Primeiramente buscou-se a síntese, caracterização e compreensão do mecanismo 
de formação de nanopartículas daliga AuCu, pelo método coloidal utilizando a estratégia one-
pot. Durante esta etapa do projeto foram realizados ensaios de espectroscopia da estrutura fina 
da borda de absorção de raios X (XAFS) in situ durante a formação das nanopartículas 
identificando as etapas cruciais no processo de formação de AuCu. Após a identificação dos 
pontos críticos envolvidos durante a síntese foi possível aperfeiçoar o processo obtendo 
partículas esféricas e homogêneas com diâmetro em torno de 14 nm e composição de 
Au0,75Cu0,25, Au0,60Cu0,40 e Au0,50Cu0,50 alterando a temperatura final de reação. Utilizando 
diversas técnicas de caracterização, foi possível identificar o mecanismo de formação como 
um processo digestion ripening-like, onde uma fase enriquecida com cobre é formada 
juntamente com nanopartículas de ouro e, com o andamento da reação, esta fase é 
completamente digerida e a partícula enriquecida com cobre pela difusão em estado sólido. 
Após a compreensão dos aspectos fundamentais envolvidos na síntese, as partículas 
produzidas foram suportadas em sílica e alumina e aplicadas em reação de oxidação de CO, 
onde as amostras apresentaram elevada conversão e estabilidade em condições reacionais. 
Ensaios alternando ciclos reacionais e pré-tratamentos redox comprovaram o processo de 
segregação da liga AuCu, fato que está intimamente relacionado à sua capacidade catalítica 
bem como à estabilidade do catalisador em condições reacionais Combinando as técnicas de 
XAFS e difração de raios X in situ foi possível comprovar o efeito do suporte no processo de 
segregação/ re-formação da liga AuCu durante condições reacionais e pré-tratamentos, uma 
característica extremamente importante que abre novos horizontes para a aplicação de ligas 
metálicas na catálise heterogênea.  
  
ABSTRACT 
 
Catalysis is a strategic area in the current scientific scenario. Thus, the development of new 
catalysts and understanding of the material changes during the catalytic process becomes an 
extremely attractive research area. Based on that, the aim of this work was the exploitation of 
gold-copper (AuCu) nanoparticles as a model heterogeneous catalyst, seeking to understand 
the mechanisms involved in the AuCu alloy formation and its subsequent application in 
catalysis. Firstly, the AuCu alloy nanoparticles were synthesized and characterized to 
understand the alloy formation mechanism by the colloidal method using the one-pot 
approach. During this part of the project, the formation of the nanoparticles was probed by in 
situ X-ray absorption of fine structure (XAFS) spectroscopy, identifying the crucial steps in 
the AuCu nanoparticles formation process. After the identification of the main steps involved 
in the synthesis, it was possible to improve the process obtaining spherical and homogeneous 
nanoparticles with a diameter of around 14 nm and composition of Au0.75Cu0.25, Au0.60Cu0.40 
and Au0.50Cu0.50, by changing the reaction final temperature. Using different characterization 
techniques, it was possible to identify the mechanism of formation as a digestion ripening-like 
process where a copper-riched phase is formed together with the gold nanoparticles; with the 
progress of the reaction, this phase is completely digested and the alloy nanoparticles are 
formed by a solid state diffusion process. After understanding fundamental aspects involved 
on the synthesis, the AuCu nanoparticles were supported on alumina and silica and applied to 
CO oxidation reaction, where the samples showed high conversion and stability at reaction 
conditions. Tests alternating reaction cycles and redox pretreatments revealed a partially 
reversible dealloying/alloying process, which is closely related to the catalytic potential and 
the stability of the catalyst under reaction conditions. By combining the in situ techniques 
XAFS and X ray diffraction, it was possible to highlight the effect of the support in the 
process of alloying/ dealloying of the AuCu nanoparticles under reaction conditions and 
pretreatments, an extremely important feature that opens up new horizons for the application 
of metallic alloys in heterogeneous catalysis. 
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1. Introduction 
1.1 General aspects about nanomaterials 
The manipulation of matter at increasingly smaller scales has aroused great fascination by 
the humanity since the ancient times. The ability to control different substances and thus 
rearrange atoms to produce new materials with fully adjustable features to specific 
applications was firstly seen as magic or something close to mythical; nevertheless, the 
scientific research and advanced characterization methods led to demystification of matter, 
making science the fundamental pillar for the development of society. 
In this context, advances in nanotechnology has enabled the development of innovative 
particles with revolutionary applications in several important areas such as the development 
of new types of cleaners and more efficient ways to storage energy1, the fast and secure 
transmission of data and the development of new drugs2 associated to treatments that provide 
a better quality of life to the world population. Thus, the development of new synthesis routes 
to produce nanoparticles as well as the thorough understanding of the processes behind the 
synthesis is of fundamental importance for technological development3. 
To fully exploit the nanoparticles, it is necessary to develop efficient and innovative 
synthetic routes that lead to a fine-tuning of the properties at the nanoscale. Two different 
approaches can be highlighted, the “top-down” and the “bottom-up”4. The “top-down” 
approach often uses traditional techniques of micro fabrication, using controlled tools to cut 
and shape the materials into the desired shape or array. The most common method is the 
lithography, using UV radiation or an ion beam. On other hand, the “bottom-up” approach 
uses the physico-chemical properties of materials to assemble the building blocks into a 
desired conformation, for example, chemical vapor deposition and colloidal methods. It is 
difficult to elect the most efficient approach, each one has its advantages and disadvantages; 
however, according to Chaudhuri and Paria,5 the bottom-up approach allows producing 
smaller particles and can be more cost-effective in the future because of its accuracy, control 
of the entire process and minimizing the energy loss. The colloidal synthesis can generate a 
broad library of particles of different compositions, shapes and sizes, to be applied in several 
areas. 
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1.2 Colloidal synthesis of nanoparticles 
Colloidal nanoparticles have attracted the interest of many research groups because of 
its versatility that finds application in various areas of research.6–8This work highlights the use 
of chemical synthesis, in which metal precursor is in the cationic form that is reduced in the 
presence of protective agents, producing particles stable in a dispersion. By controlling 
parameters such as metal/protective agent or metal/reducing agent ratios, reaction temperature 
and time it is possible to obtain particles with different shapes, sizes and compositions. Figure 
1.1 shows schematically the colloidal synthetic process. 
 
Figure 1.1: Schematic representation of the colloidal synthesis of metallic nanoparticles. 
(Adapted from Jia and Schüth9) 
 
According to Berti and Palazzo10, a colloidal system can be defined as particles with at 
least one dimension between 1 and 100 nm dispersed in a solvent. These particles are small 
enough for the Brownian forces being greater than the gravitational force, maintaining the 
particles stable in dispersion. 
The first scientific studies of the stability of colloidal dispersions were described by 
Faraday in the 19th century,11 describing the reduction of an aqueous solution of chloroaurate 
(AuCl4-) and investigating the optical properties. 12,13 An important work was developed by 
Turkevich and co-workers14in the50´s, describing a stable dispersion of 13 nm gold 
nanoparticles using sodium citrate as reducing agent and stabilizer. The schematic approach 
used in Turkevich´s work is shown in equation (1.1). 
 
ݔܯ௡
శ + 	݊݁ି + 	ݏݐܾ݈ܽ݅݅ݖ݁ݎ → ܯ଴௖௟௨௦௧௘௥(1.1) 
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In this approach, the reducing agent (e.g. hydrogen, alcohol, hydrazine or borohydride) 
is mixed with the metal precursor salt in the presence of stabilizing agents (ligands, polymers 
or surfactants). The stabilizer prevents the undesired agglomeration, helps the formation of 
well dispersed metal particles and may provide a way to functionalize the surface of the 
nanoparticles targeting specific applications.9 
Kudera and Manna10 listed the main points that determine the success of a colloidal 
synthesis route, which are: the control of particles growth by preventing their agglomeration, 
an efficient way to collect or isolate the final product, and minimization of by-products 
formation. 
The study of the mechanisms of nucleation and growth of colloidal nanoparticles 
started in the mid-twentieth century by the seminal work by LaMer  and was detailed by Reiss 
in the 50´s.15,16These authors described the colloidal synthesis as a process with three main 
stages. The first one is the formation of monomers, species that are formed from the cationic 
precursors connected to the stabilizing molecules. The binding strength and the size of the 
monomers influence directly the formation of the colloidal nanoparticles. The amount of 
monomers in solution increases until the supersaturation regime is reached, and the second 
stage of the LaMer process initiates: the nucleation. This is the most important stage and 
influences directly the final structure of the nanoparticles. Once the nuclei are formed, the 
growing step initiates. The growth can be carried by aggregation of nuclei or by incorporation 
of atoms to the nuclei. Figure 1.2 shows the main stages of the formation of colloidal particles 
proposed by LaMer. 
 
Figure1.2: The classic LaMer mechanism for nanoparticles formation. The first stage is the 
monomer formation followed by nucleation and growth. (Adapted from Reiss, Vreeland and 
Kudera15) 
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The strategy to synthesize metal nanoparticles by colloidal methods is widely explored 
in several applications because of its accurate control of size, shape and composition17–19. 
Particles with 1-10 nm are considered by some authors as intermediate size between small 
molecules and bulk metal.2The figure 1.3 shows the UV-Vis absorption spectra of Au 
nanoparticles synthesized by Piella et al.20that illustrate the size-dependence of their optical 
properties. 
 
Figure 1.3: UV-Vis absorption spectra of Au nanoparticles as a function of size (From Piella 
et. al 20) 
 
Another approach that has been widely used in the synthesis of the metal nanoparticles 
is the introduction of a second metal, producing bimetallic particles. Some of the most studied 
bimetallic systems are PtPd21, PtNi22, PdCo23 and AuAg24. Figure 1.4 shows some 
possibilities in the formation of bimetallic particles.  
 
 
 
Figure 1.4: Possible structures presented by bimetallic particles. Type (a) heterostructure, (b) 
core-shell structure (c) alloy with random substitution and (d) chemically ordered alloy. 
(Adapted from An et al.25) 
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Bimetallic structures can be denominate as ordered when there is a spatial organization 
between the components A and B constituting the particle. The first case described in the 
figure 1.4a is a heterostructure type (also known as Janus particle) where there is a solid 
interface between the two domains, each one formed exclusively by compounds A or B. 
Figure 1.4b illustrates the core-shell structures, where one element is in the center of the 
particle while the other forms a shell on the surface. 
Metal alloys may be formed by two different ways: a random substitution of atoms in 
the crystal lattice of the major component (Figure 1.4.c) or by replacement of atoms at 
specific positions, usually forming a different crystal structure (Figure 1.4d). The latest is also 
known as chemically ordered alloy.  
According to Johnsoton et al26, some factors can directly influence the atomic 
distribution of a AB bimetallic nanoparticle, such as: 
 The bond strength between A-A, B-B and A-B: If the A-B bonding is stronger, it 
favors the formation of the alloy, if the homonuclear bonds are stronger, a segregated 
structure is favored.  
 Surface energy of A and B bulk phases: The element with the lowest surface energy 
on the bulk phase tends to segregate to the surface of the particle. 
 Charge transfer: Electrons are transferred from the least to the most electronegative 
element, favoring the mixture by maximizing attractive coulombic interactions. 
 Bonding strength of the metal with the surface ligands: For nanoparticles with a ligand 
layer on the surface (especially colloidal particles), the element that binds more 
strongly to the ligand may remain on the surface of the nanoparticles. 
The final structure of the nanoparticle depends on the balance among the various factors 
mentioned above as well as on the preparation method and experimental conditions which can 
control the kinetics involved in the process.  
 
1.3 The gold-copper alloy 
The AuCu is one of the most studied alloy nowadays, however, its potentialities are 
exploited since pre-Columbian civilizations of Central America that used the mixture of 
copper and gold27, getting the "Tumbaga", an alloy with improved ductility and strength. 
Currently, the AuCu alloy is still widely used in jewelry and emerged as a potential system of 
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study in the nanoscience.28 One feature of the AuCu alloy is the alloy formation of any 
composition, with the generation of chemically ordered alloys for specific Au:Cu ratios 
(known as superlattices)29.  
The miscibility between metals was studied thoroughly by Hume-Rothery, and the 
main factors are known as the “Hume-Rothery Rule”30. According to this rule, the main 
factors that determine the miscibility of two metals are the similarity between atomic radius, 
crystal structure, valence and electronegativity. The combination of Au and Cu satisfy two 
these requirements since the difference in atomic radius is smaller than 15% (Au = 134pm 
and Cu = 117pm) and they have the same crystal structure (face-centered cubic), causing the 
random replacement at elevated temperatures30. In the case of nanostructures, studies 
developed by Guisbier and co-workers31 for AuCu alloys stability considers another important 
factor to the of metal nanoalloys formation: the molar heat of vaporization, which relates the 
cohesion energy of the materials. The difference between the molar heat of vaporization of Au 
and Cu is less than 15% (ΔHvapAu= 334 kJ.mol-1 and ΔHvapCu=300 kJ/mol-1,indicating 
possible formation of the AuCu alloy nanoparticles. 
In the study of metal alloys, the Vegard´s Law32 is a very useful tool for quantitative 
analysis of each metal content in the disordered AuCu alloy (randomic substitution in the 
crystal lattice). The Vegard's Law shows a linear dependence of the lattice parameter with the 
composition, as described in the Figure 1.5. In the case of AuCu alloy, a small deviation in 
the lattice parameter values can be related to the interaction of Au and Cu within the crystal 
lattice. This work was originally described to bulk systems, but the concept of the Vegard's 
law is also used for nanostructured systems. 
 
Figure 1.5: Relationship of lattice parameters and composition in the disordered fcc AuCu 
system. The symbols on the continuous line indicate some experimental values used by 
Okamoto at. al.33. 
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As previously mentioned, another factor that makes the AuCu system extremely 
interesting is the formation of superlattices, chemically ordered structures determined by 
composition and temperatures that assume different crystalline structure. The superlattices 
formation may occur in the following proportions: Au3Cu, AuCu and AuCu3. These structures 
are shown in Figure 1.6 in the phase diagram of the AuCu alloy. The phase diagram indicates 
the transformations occurred in the AuCu system by different compositions and temperatures. 
The structural data are described on the table 1.1and represented at figure 1.7. 
 
Figure 1.6: Phase diagram of Au-Cu (Adapted from Okamoto33) 
 
Table 1.1: AuCu structural data. 
Phase Composition 
 (at. % Cu) 
Pearson symbol Space group 
(Au,Cu) 0 to 100 cF4 Fm3m 
Au3Cu 10 to 38.5 cP4 Pm3m 
AuCu (I) 42 to 57 tP4 P4/mmm 
AuCu (II) 38.5 to 63 oI40 Imma 
AuCu3 (I) 67 to 81 Cp4 Pm3m 
AuCu3 (II) 66 to ? tP28 P4mm 
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Figure 1.7: Representative unit cells structures of (a) Au1-xCux (disordered alloy), (b)Au3Cu, 
(c) and (d) AuCu and (e) AuCu3. The orange balls represented in (a) indicates the random 
substitution of Cu in the Au lattice. The red balls indicate the Cu atoms and the yellow balls 
indicate the gold atoms in the structures (b) to (e). 
 
Theoretical studies have provided significant advances in the understanding of AuCu 
system. 34,35 Studies evaluating small metal particles (454 atoms) observed that AuCu 
particles are not fully homogeneous, as predicted by the bulk phase diagram, but shows a 
certain degree of segregation with the copper in the core and a gold shell due to the 
minimization of surface energy and maximizing strongest interactions as Au-Au36,37. Guisbier 
and colleagues also found a similar this behavior with the segregation of Au to the surface for 
various polyhedral nanoparticles, in the size range of 4-10 nm. 31 It is important to remark that 
these studies are performed on bare nanoparticles and for other systems (e.g. colloidal 
nanoparticles) also the interaction with ligands or solvents has an impact on the particle. 
The alloy formation can also interfere in the symmetry of the clusters. Darby and co-
workers36 described the effect of alloying in cluster of 55 atoms. Clusters of Cu55 have an 
icosahedral symmetry whileAu55 is amorphous-like; however, the replacement of only one 
atom of Au by Cu leads to a reorganization of the structure, with icosahedral symmetry, as 
shown in figure 1.8. 
 
Figure 1.8: Simulation Au55, CuAu54 and Cu55 structures presented by Darby et al.38 
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Clusters structure with compositions CuAu, CuAu3 and Cu3Au have also been studied. 
Au and Cu atoms were added one by one to a defined seed and the CuAu showed a strong 
dependence on the size in the 100 and 200 atoms range. 39 The theoretical studies indicate that 
the composition and/or size of the metal alloy can directly change its structure, resulting in 
structural and electronic effects that have a direct impact in their applications. 
From the catalytic point of view, one of the most explored applications of metal alloys, 
the impact of the size and composition have a fundamental importance for the understanding 
of the effects involved. 37 The changes in the structure can modify structurally the alloy, 
generating preferential adsorption sites or low coordination sites that interfere directly in the 
catalytic properties of the material. The electronic effects are related to the band structure that 
depends on the composition and particle size. Studies by Kim and co-workers40 showed the 
relationship between the composition of Au1-xCux particles and the reactivity in CO2 
reduction. The distinct Au:Cu ratio has a direct impact on the d-band position, determining 
the reactivity of the catalyst. Figure 1.9 is the surface valence band spectra of Au–Cu 
bimetallic nanoparticles collected by high-resolution X-ray photoemission spectroscopy 
(XPS) 
 
Figure 1.9: Surface valence band photoemission spectra of Au–Cu bimetallic nanoparticles. 
(Available at Kim, D. et. al.40) 
 
 1.6 The heterogeneous catalysis 
In heterogeneous catalysts, the fundamental principle is the ability of the reactants to 
diffuse and to adsorb on the surface of the catalyst and, after reacting, being desorbed 
releasing the active site to react again with another reactant molecule. To illustrate the 
catalytic process, a generic cycle is showed at figure 1.10. In this process, A and B are the 
reactants that adsorb on the catalyst surface, react, and desorb as a product P. The catalyst 
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provides a new potential energy pathway to the process, as described in Figure 1.10, which 
compares a non-catalytic reaction versus a catalytic reaction. 
 
Figure 1.10: Potential energy diagram of a heterogeneous catalytic reaction with gaseous 
reactants and products and a solid catalyst. The red line indicates the non-catalyzed reaction 
and the green line, the catalyzed pathway.41 
 
It is possible to observe in Figure 1.10 that the non-catalytic reaction, in which A and 
B has to collide with sufficient energy to overcome the activation barrier forming P, has an 
energy barrier much higher that the catalytic route. 
In the catalytic route, the initial step is the adsorption of A and B on the catalyst 
surface in a spontaneous process, followed by formation of a complex between A-B- catalyst 
surface resulting the product P adsorbed on the catalyst surface. The process of formation of 
this complex has a significantly lower activation energy compared to the non-catalyzed 
reaction. Finally, the product P formed is desorbed from the catalyst leaving the catalytic site 
free for a new cycle.41 
Most of the heterogeneous catalysts are solids, composed by a metallic phase highly 
dispersed on a matrix with high surface area.42 The matrix used to support the metallic phase 
can be composed of metal oxides, aluminosilicates, carbonaceous compounds among others. 
The metal surface is normally the active phase, and therefore is the crucial part in the design 
of a catalyst. The highly dispersed metal leads to a greater accessibility of reactants to the 
active phase, improving the catalytic capacity of the material. 
There are different methods to incorporate the metal phase to supports with high 
surface area. One of the most applied is the deposition- precipitation method43, where the pH 
of the solution containing the metallic precursors and the support is altered inducing the 
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formation of the metallic phase on the support surface. For the incipient-wetness method, only 
the pores of the support are filled with precursor solution, to prevent deposition on the 
external surface of the catalyst44. Another used approach is the impregnation and drying of the 
metallic precursors in solution on the support.44 The deposition-precipitation and incipient 
wetness are defined as conventional methods, usually used for monometallic material, 
however for bimetallic alloys are not the best option due to the difficult to keep the size and 
composition homogeneity for all the supported particles. In this context, the great advances in 
the development of nanomaterials fit perfectly to this goal: increase the available area by 
decreasing the size of the metal particles with high control of their properties.46–48To achieve a 
good dispersion and homogeneity of the bimetallic phase it is possible to highlight the use of 
colloidal metal nanoparticles, since the characteristics of the metallic phase are defined before 
the incorporation, as described in the Figure 1.11. 
 
Figure 1.11: Scheme comparing conventional incorporation versus the colloidal method. 
(Adapted from Sonström et. al. 49) 
 
Besides the fact that the available area increases by decreasing the particle size, it is 
described in the literature that some reactions are highly sensitive to particle size (structure 
sensitive reactions).50 The work by Haruta in the 80´s51 represents a breakthrough in the 
history of catalysis, showing the catalytic activity of Au particles in the CO oxidation 
reaction, revolutionizing the application of nanomaterials in catalysis and opening a new and 
extensive research field. 
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For a better comprehension of the catalytic process, the development of model catalysis is 
extremely important, since it allows a deep understanding of the parameters that determine the 
catalyst activity. Ideally, a model supported catalyst has homogeneous particles on its surface, 
as described in figure 1.12, to evaluate each factor individually. 
 
 
Figure 1.12: Scheme of model supported catalyst. 
 
The composition of the metal phase is an important parameter to be evaluated in 
model catalysts. The versatility of metal alloys makes this system extremely attractive for 
applications in catalysis52. Many of the works disclose the use of alloys with enhanced 
specific catalytic activity and selectivity when compared to the corresponding monometallic 
catalysts, as shown in Table 1.3  
 
Table 1.3: Examples of metal alloys used in catalysis. 
Metal Reaction 
Temperature 
(°C) 
Conversion 
(%) Reference 
Pt 
Water-Gas Shift 
Reaction 300 70 Xu et al., Journal of 
Catalysis, 201253 
 
 
Ru 300 80 
PtRu 300 85 
Pt CO oxidation 150 10 Zhou et al., Advanced 
Functional Materials, 
200754 AuPt 150 80 
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Au 100 50 
Liu et al., Catalysis Today, 
201155 
 
Cu CO oxidation 100 0 
Au3Cu 100 100 
Au CO oxidation 350 20 Liu et al., Journal of 
Physical Chemistry B, 
200556 
 
 
Ag 350 0 
Au3Ag   350 100 
 
1.4 CO Oxidation reaction 
A probe reaction for studies in catalysis is the CO oxidation. The catalytic oxidation of 
CO has been studied extensively because of its great importance in fundamental research as 
well as in practical applications, such as in air clean-up exhaust-gas control in cars, and in the 
removal of CO traces in H2 stream for proton-exchange membrane fuel cells. 57–60 
For many years, gold was considered catalytically inactive because of its high 
stability, being unexplored in catalysis.61 However, Haruta showed the size dependence of 
Au62 nanoparticles in the CO conversion, revolutionizing the application of Au in catalysis.63–
65 
ܥܱ + 1 2ൗ ܱଶ ⥨ ܥܱଶ + 	1 2ൗ ܱଶ                     (1.2) 
 
This reaction is normally catalyzed by noble metals or small Au nanoparticles. The 
mechanism is described by the following reactions.41 
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An important step in the CO oxidation reaction is the activation of the O2. Thereby, 
the choice of an appropriate support plays an important role in the catalyst performance. 
Remediakis57 and co-workers presented a theoretical study showing that TiO2 is an efficient 
support in the catalytic CO oxidation reaction, since it facilitates the activation of O2 at the 
metal-support interfacial sites. (Figure 1.13).  
 
Figure 1.13: CO oxidation mechanism for Au10 supported on TiO2 (110) proposed by 
Remediakis et. al. 57 
  
The use of supports considered "inerts" for oxidation reactions such as Al2O3 and SiO2 
was studied by Schubert et al.66 and in this case, Au particles are less active because the 
activation of O2 molecules occur in Au low coordination sites, competing with the adsorption 
of CO molecules and decreasing its catalytic performance.67,68 
Since the successful application of Au nanoparticles in CO oxidation reaction, the use 
of bimetallic nanoparticles involving gold has also become an important research field.69,70 
The main motivation is related to the fact that the O2 is not able to adsorb well on Au surface, 
so the alloy formation can generate different sites on the surface that improves the O2 
adsorption. Metals as silver, cobalt and copper are mostly used, facilitating the adsorption and 
activation of oxygen on the surface.  
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Figure 1.14: Model structure of CO and O2 adsorption on the Au25Ag30 alloy surface. Au 
atoms are represented by yellow balls, Ag atoms are represented in gray, oxygen in red and 
carbon in white.71 
In the case of AuCu alloy, the catalyst is more active than monometallic ones, 
subjected to the same reaction conditions.72 A list of factors can contribute to the greater 
activity, such as the formation of Cu sites that facilitates the adsorption of oxygen, as well as 
the change of alloy electronic properties. 73,74 
Another fact that affects the catalytic ability of the material is the nature of the metal-
support interaction75,76 and, in the case AuCu, this is an additional factor that makes this 
system even more attractive from the catalytic point of view. It is described in the literature 
that, under oxidizing conditions, Cu in the alloy can be oxidized forming CuOx on the surface 
of the material that can act as (a) a layer between the metal particle and the support, 
enhancing the support-metal interaction and thus preventing sintering,72 (b) forming sites of 
CuOx between the metal and the support that facilitate activation of O2 or even (c) forming a 
layer of CuOx on surface of the nanoparticle preventing the sintering77. All these factors are 
extremely useful and can be assessed also in the application of other existing bimetallic 
systems, opening a large field of study for the application of bimetallic nanoparticles under 
redoxconditions.78,79 
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1.5 Goals and thesis presentation 
The general goal of this thesis was to study the formation of colloidal AuCu alloy 
nanoparticles and their application in heterogeneous catalysis, using the CO oxidation 
reaction as a model reaction. 
Specific goals: 
 Understand the steps involved in the AuCu nanoparticles formation controlling 
the size and composition by the colloidal method. 
 Produce catalysts by impregnation of AuCu nanoparticles on silica and 
alumina and evaluate the structure-activity relationship in CO oxidation. 
 
1.6 Overview 
The main idea of this work was to explore the potential of colloidal approach for the 
synthesis of bimetallic nanoparticles for applications in catalysis. The metal system chosen 
was AuCu, a highly versatile alloy for catalytic applications. 
After understanding the mechanism involved during colloidal synthesis, AuCu 
nanoparticles produced were supported on silica and alumina to evaluate the stability and 
catalytic potential of the material produced. 
After the identification of critical points of AuCu colloidal synthesis and the 
application of this system in CO oxidation reaction, in situ characterizations experiments 
using X-ray absorption of fine structure (XAFS) spectroscopy and X ray diffraction (XRD) at 
the Brazilian Synchrotron Light Laboratory (LNLS) were conducted for a deeper 
characterization of our system. 
 
1.7 Summary of each chapter 
For the AuCu nanoparticles synthesis, the method described by Motl and co-workers81 
was optmized to obtain a better control of size and composition depending on the final 
temperature of the synthesis. The main results of this part are presented in Chapter 2, using 
different characterization techniques and evaluating aliquots taken at different reaction stages 
to infer about the mechanism of the synthesis. 
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For a deeper understanding of the synthesis mechanism, AuCu nanoparticles were 
synthesized and evaluated in situ using XAFS at LNLS. For this step, it was designed a home-
made reactor adapted for XAFS measurements, allowing following the modifications of Au 
and Cu precursors in real time. These results are presented in Chapter 3. 
The synthesis of nanoparticles with well-defined size and composition were used to 
produce heterogeneous catalysts and Chapter 4 presents the application of the 
Au0.75Cu0.25/SiO2catalyst in CO oxidation, focusing in the impact of the redox pretreatments 
in the performance and stability of the catalyst. 
Finally, the impact of alloy composition and support nature of several catalysts were 
addressed. This part of the work explore in detail by in situ XAFS and XRD allowing a deep 
understanding of the effects involved during the pretreatments and catalytic cycles as well as 
to assess the effect of the support in the alloy/dealloying processes of supported AuCu 
nanoparticles. These results are presented in the Chapter 5. 
Chapter 6 presents a general discussion of the work, the main conclusions and 
perspectives. 
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Chapter 2 
 
Synthesis of gold-copper nanoparticles by colloidal method varying the compositions 
as a function of the synthesis final temperature 
 
 
 
The content of this chapter is an adaptation of the article entitled 
“Au1-xCux colloidal nanoparticles synthesized via a one-pot 
approach: understanding the temperature effect on the Au:Cu 
ratio” by Priscila Destro, Massimo Colombo, Mirko Prato, 
Rosaria Brescia, Liberato Manna and Daniela Zanchet published 
for RSC Advances. 
Reference: RSC Adv.,2016, 6, 22213. 
My contribution to this work was the planning of the 
experiment, synthesis of Au1-xCux nanoparticles, the 
characterizations by UV-Vis, BF-TEM, XRD and ICP, the data 
analysis and writing the publication. 
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2.1 Introduction 
Advances in the synthesis of nanomaterials have contributed to significant development in 
fields such as sensors, photonics, drug-delivery systems and, especially, to fulfill the 
increasing demand for new materials and technologies for energy.81,82 
Among the huge variety of nanostructured materials, it is important to highlight the use of 
metallic nanoparticles (NPs), where the metal confined in small portion has distinct properties 
from those of the bulk. In this context, the control of size, shape and composition of the metal 
NPs represents an important way to obtain new materials for many applications.58,83 
The synthesis of gold NPs by colloidal methods has been extensively described using 
different approaches, enabling accurate control of their properties.84,85 The use of Au-based 
bimetallic NPs has also been presented in the literature as an interesting strategy for the 
design of new materials.86,87 In this context, the AuCu alloy is an interesting example of how 
the electronic properties of the alloy differ from the simple sum of the properties of Au and 
Cu.29,88 For example, the Au:Cu ratio reflects directly on the position of the d-band center 
relative to the Fermi level, which has a strong correlation with the reactivity of materials, 
especially for applications in catalysis.40 Another point to be featured in the case of the AuCu 
alloy is the possible formation of chemically ordered alloys. Some metallic nanoparticles such 
as CoPt89, FePt90 and AuCo91 are able to form chemically ordered structures at specific 
compositions. This ordering can affect different properties of the materials since the distinct 
symmetry alters the resulting density of states.92 In the case of AuCu, it is possible to observe 
chemically ordered alloys of Au3Cu, AuCu and AuCu3 compositions. 
AuCu NPs can find interest in many fields of applications. Their tunable optical properties, 
which depend on the shape and composition of nanoparticles, have been explored, for 
example, in biosensors applications,93–95 SERS detection88 and photothermal therapy97, 
showing exciting results. Another important research field in which AuCu NPs have showed 
interesting and unique properties is heterogeneous catalysis, where supported bimetallic NPs 
are more active and stable than the monometallic ones.33,97 
The study of nanoalloys formation and growth mechanisms has been investigated by 
different groups because of the applicability of these systems in several areas.18,37,99 Among 
the methods to obtain nanometric metallic alloys reported in the literature, a widely used 
strategy is the formation of a metallic seed followed by the incorporation of a second metal, in 
a two-step growth mechanism.100,101 By using a seed of the metal with lowest reduction 
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potential, the second metal can be incorporated by galvanic replacement as nicely explored by 
Xia and co-workers to produce a large library of nanoalloys starting from Ag seeds.102 In the 
case of CuAu system, Liu et al.103 firstly synthesized Cu NPs, and then by partial replacement 
of Cu by Au they obtained a Cu@Au core-shell structure. The alloy formation took place by 
heating the core-shell NPs, through a unidirectional diffusion mechanism in solid state. In a 
more general case, when the galvanic replacement is not favored, the reduction of the second 
metal can be done by using a reducing agent. Chen et al.104 successfully obtained intermetallic 
CuAu NPs using Au seeds. 
In this work, we explore the one-pot strategy (i.e. all reagents are brought into contact at 
the beginning of the reaction) to synthesize AuCu NPs with different compositions. In this 
approach, characteristics such as the final size, composition and chemical ordering can be 
varied by tuning the reaction parameters, i.e. metal: metal ratio, metal: ligand ratio and 
temperature. We produced Au1-xCux spherical NPs of 14 nm in diameter, with a fine control 
of their composition obtained by optimization of the final reaction temperature; we probed in 
detail the alloy formation by combining different methods of characterization. 
2.2 Experimental section 
2.2.1 Chemicals 
HAuCl4.3H2O (99%), and Cu(acac)2 (99%) were used as metal precursors. Oleylamine 
(Oley, 70%) and oleic acid (OlAc, 90%) were used as protective agents. 1,2-hexadecanediol 
(90%) was used as reducing agent and 1-octadecene (1-ODE, 90%) as solvent. All reactants 
were purchased from Sigma-Aldrich and used without further purification.  
 
2.2.2 Synthesis of bimetallic gold-copper NPs 
The synthesis of bimetallic AuCu NPs was adapted from the literature.80 Briefly, 45 mg of 
HAuCl4.3H2O and 30 mg of Cu(acac)2 (molar ratio Au:Cu 1:1) were added to a three-necked 
round-bottom flask containing 5 mL of 1-ODE, 800 L of OlAc, 600 L of Oley and 100 mg 
of 1,2-hexadecanediol. The mixture was magnetically stirred at room temperature under 
vacuum for30 min, generating a green solution. The mixture was heated up under vacuum up 
to 120 °C. After holding at 120 °C for 30 min (step 1), the solution was heated to the final 
temperature. At about 200oC, N2 was fed to the system. The final temperature was set at 225, 
260 or 280°C to obtain different compositions of Au1-xCux NPs (Figure 2.1). The reaction was 
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annealed at the corresponding final temperature for 30 min (step 2) and then cooled down. 
The purification was carried out by adding a toluene: isopropanol (1:5 volume ratio) mixture, 
followed by centrifugation at 4000 rpm for 10 min. Precipitated NPs were dispersed by 
adding 2 mL of hexane and centrifuged at 2000 rpm for 10 min to remove any undispersed 
material. This procedure was repeated twice and the particles were then dispersed in hexane. 
The samples were named based on the final synthesis temperature as AuCu_225, AuCu_260 
and AuCu_280. To follow the alloy formation, aliquots were taken at different stages of the 
synthesis, and named by the temperature (100, 120_I, 120_F, 225_I, 225_F, 260_I, 260_F, 
280_I, 280_F). The letters I and F indicate respectively the beginning and end of steps (1 and 
2), on which the temperature was hold for 30 min. 
 
Figure 2.1: Heating protocol adopted in the Au1-xCux NPs synthesis. The letters I and F 
indicate the initial and final points of each step. Step 1 corresponds to 120 °C for 30 min and 
step 2to the final temperature for 30 min. See text for more details. 
2.3 Characterization.  
Aliquots of approximately 20 µL were collected along the synthesis and diluted in hexane 
using a quartz cell of 10 mm path length to characterize the Au1-xCux NP growth by UV-Vis 
analysis, using a Varian Cary 5000 UV-Visible-NIR spectrophotometer in single path 
configuration within the wavelength range of 200-800 nm with a scanning rate of 10 nm/s. 
Overview bright-field transmission electron microscopy (BF-TEM) analyses were carried 
out using a JEOL JEM-1011 instrument (thermionic W source, 100 kV high tension). 
analyses were performed using a JEOL JEM-2200FS microscope (Schottky emitter, 200 kV 
high tension) equipped with a CEOS spherical aberration corrector of the High-angle annular 
dark field–scanning TEM (HAADF- STEM) objective lens and an in-column image filter (-
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type). The shown values for NP diameter and uncertainty were obtained as average and 
standard deviation over 500 NPs, respectively. Elemental mapping over the Au1-xCux NP 
samples was carried out by energy-dispersive X-ray spectroscopy (EDS) performed in STEM 
mode with a Bruker Quantax 400 system with a 60 mm2 silicon-drift detector (SDD). The 
reported elemental maps of Cu and Au were obtained by integration of the Cu Kα and Au Lα 
after background subtraction and peak deconvolution. For BF-TEM analyses, ~10 μL of the 
samples were deposited onto carbon-coated Cu grids. For EDS analyses, carbon-coated 
molybdenum grids and an analytical holder with a Be specimen retainer were used.  
The elemental analysis of the colloidal NPs was done by Inductively Coupled Plasma 
Optical Emission Spectroscopy (ICP) using an iCAP 6000 Thermo Scientific spectrometer. 
Each sample was obtained by quenching the reaction at the selected temperature, followed by 
purification. Samples were dissolved in HCl/HNO3 3/1 (v/v) overnight, diluted with deionized 
water (14 μS), and filtered using a PTFE filter before measurement. The yield of Au and Cu 
was defined as %Metal and calculated by the Equation 1. %ெ௘௧௔௟ = ே೑೔೙ೌ೗ே೔೙೔೟೔ೌ೗ × 100   (Eq.2.1) 
where %Metal is the final yield of Au or Cu, Nfinal is the molar amount of metal determined by 
ICP and Ninitial the molar amount of metal initially added. 
X-ray diffraction (XRD) measurements were performed using a RigakuSmartLab X-ray 
diffractometer equipped with a 9 kW Cu Kα (= 1.542 Å) rotating anode, operating at 40 kV 
and 150 mA. A zero diffraction silicon substrate was used to collect XRD data on colloidal 
NPs. The diffraction patterns were collected at room temperature over an angular range of 
20−90°, with a step size of 0.05°. XRD data analysis was carried out using PDXL 2.1 
software from Rigaku. As for the ICP measurements, each sample was obtained by quenching 
the reaction at the selected temperature, followed by purification. XRD data were used to 
estimate the Au1-xCux alloy composition. We used the equation (Eq.2) proposed by Okamoto 
et al.32, based on experimental values described in the literature for the Au1-xCux solid solution 
phase with face-centered cubic (fcc) structure: 
ܽ = 0.40784	(1 − ݔ) + 0.36149ݔ + 0.01198ݔ	(1 − ݔ)							(Eq.2.2) 
Where a is the Au1-xCux lattice parameter and x is the copper atomic fraction, defined as 
NCu/(NCu+NAu), where Nx is the number of atoms of the element x.  
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Since the Au1-xCuxalloy system shows a positive deviation from the Vegard’s law, the 
equation proposed by Okamoto et al.33 gives a more accurate estimation of the alloy 
composition. 
X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos Axis 
Ultra DLD spectrometer, using a monochromatic Al Kα source (15 kV, 20 mA). Wide scans 
were acquired at an analyzer pass energy of 160 eV. High-resolution narrow scans were 
performed at constant pass energy of 10 eV and steps of 0.1 eV. Photoelectrons were detected 
at a takeoff angle of Φ = 0° with respect to the surface normal. The pressure in the analysis 
chamber was maintained below 7× 10−9 Torr for data acquisition. The samples were prepared 
by drop-casting a few microliters of purified NPs solutions onto a graphite substrate (HOPG, 
ZYB quality, NTMDT), which was then transferred to the XPS setup. Data were converted to 
VAMAS format and processed using CasaXPS 2.3.16 software. The binding energy scale was 
internally referenced to the C 1s peak (BE for C−C = 285 eV). Semi-quantitative analysis was 
performed by measuring the areas under selected Au and Cu XPS peaks and by applying 
appropriate atomic sensitivity factors, as obtained by the instrument manufacturer. 
2.3. Results 
Au and Cu NPs exhibit a characteristic absorption band in the visible region due to 
plasmon excitation.105 Plasmon band arises from the collective oscillation of the free electrons 
induced by the interaction with visible light.17 While Au NPs characteristic plasmon band is 
centered at approximately 520 nm, the Cu NPs plasmon appears at 560 nm, and the Au1-xCux 
NPs alloy plasmon is usually observed between these two values.80 For this reason, we firstly 
followed the evolution of synthesis products by UV-Vis spectroscopy, as shown in Figure 2.2. 
At 100 °C (black lines in Figure 2.2a, b and c) the characteristic plasmon resonance of Au 
NPs is observed around 520 nm, indicating that the formation of Au NPs already occurred 
before reaching this temperature. In fact, around 70 °C the colour of the solution already 
changes from orange to deep red and TEM images at 100 °C confirms the formation of NPs 
(Figure A1). By increasing the temperature, it is possible to observe a similar profile at 120°C 
in all the three tests performed. Above this temperature a red shift occurs and the plasmon 
peak becomes asymmetric, indicating the incorporation of copper into the Au NPs. Among 
the samples, the red shift increases as a function of final temperature and annealing time: 
AuCu_225 shows a plasmon band at 540 nm (Figure 2.2a), AuCu_260 at 550 nm (Figure 
2.2b) and AuCu_280 at 552 nm (Figure 2.2c). In contrast, there is no significant change in the 
peak width, indicating that the NPs remain stable by the incorporation of Cu.29 
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Figure.2.2 UV-Vis spectra during Au1-xCux NPs synthesis at different final temperatures: (a) 
AuCu_225, (b) AuCu_260 and (c) AuCu_280.The red dashed line indicates the position of 
Au plasmon and the blue dashed line the Cu plasmon position. 
Figure 2.3 shows the BF-TEM images and corresponding size distribution of the final 
particles. According to the BF-TEM analyses, the AuCu_225 sample shows spherical and 
uniform NPs, with a diameter of 14± 1 nm. The average particle size did not significantly 
change with the reaction temperature: we measured 13±1 nm for AuCu_260 and 14±1 nm for 
AuCu_280. For AuCu_260, it is possible to observe also some less isotropic particles, which 
become the dominant population for the AuCu_280 sample. The lower isotropy in these 
samples may be due to a structural rearrangement upon incorporation of a higher fraction of 
Cu atoms in the initial Au structure and/or to the higher final temperature.  
Elemental analysis by ICP was performed on the final products and on all the aliquots 
collected during the syntheses to get more information about the growth mechanism of the 
Au1-xCux NPs. The results are presented in Table 2.1.  
 
38 
 
Table 2.1%Cu (at.) at different temperatures by ICP. 
 
Temperature/Sample AuCu_225 AuCu_260 AuCu_280 
100* 9.4   
120_I* 14.3   
120_F* 22.3   
225_I 31.6   
225_F 24.5 - - 
260_I - 27.7 - 
260_F - 37.8 - 
280_I - - 36.1 
280_F - - 48.8 
*common steps for the three samples. 
 
ICP values at 100, 120_I and 120_F are common for the three syntheses. It is possible to 
verify that around 100°C, only a small amount of Cu is detected in the final product, reaching 
22% after 30 min at 120oC.This is about 44% of the Cu added at the beginning of reaction. In 
line with UV-Vis spectroscopy data, the increase of the synthesis final temperature results in 
higher amounts of copper in the final product, going from 24.5% at 225°C up to 48.8% at 
280°C.The annealing time at the final temperature is also important to increase the Cu 
incorporation. This is evident especially for the AuCu_260 and AuCu_280 samples, where 
an increase of the copper content of about 11% is found with the annealing. It is interesting to 
mention that the yield of Au is also affected by the final temperature, decreasing from 40% in 
case of the AuCu_225 sample, to 20% for AuCu_280. At a given temperature, longer 
annealing increases further the Cu fraction in the final product, but the yield of the synthesis 
decreases considerably. The dependence of the yield with time and temperature can be related 
to an increased collision of the formed particles, forming larger aggregates that were removed 
in the purification step and/or to a poor stability of the NPs with higher content of copper. 
Attempts to form Cu enriched alloy NPs, such as Au0.25Cu0.75 by changing the amount of Cu 
added at the beginning of the synthesis failed under these synthesis conditions. It is worth to 
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point out that other authors report the formation of Au0.25Cu0.75 NPs31 and Au0.33Cu0.7735 using 
different conditions, but the yields were not reported. 
 
Figure2.3:BF-TEM images and size distribution of (a) AuCu_225, (b) AuCu_260 and (c) 
AuCu_280. 
 
Table 2.3 shows the quantitative XPS results, wherein the amount of Cu increases with 
temperature. Interestingly, although XPS is a surface technique, probing a few atomic layers 
(< 2 nm for Cu and Au)106, it shows Cu atomic % similar to those measured by ICP. These 
results indicate a homogeneous distribution of both metals in the synthesis product, at all 
stages, ruling out the formation of a core-shell structure with, for example, a Cu-rich shell. 
However, it is important to note that a similar result could also be found, for example, if Au 
and Cu single-metal particles were formed. This hypothesis is excluded by STEM-EDS 
mapping over individual particles (see Figure A2), showing a homogeneous distribution of 
both metals in the NPs.  
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The amount of Cu that was effectively alloyed with Au was quantified by XRD analyses. 
Both metals exhibit a fcc structure, and the variation in lattice parameter is related to the 
Au:Cu ratio in the alloy (Eq. 2.2) 33 Figure 4 shows the corresponding diffractograms in which 
a clear shift of the peak positions can be seen as the synthesis proceeds. The dashed lines in 
Figure 2.4 correspond to the (111) peak position of metallic Au (a = 4.08 Å, red line) and 
metallic Cu (a = 3.61 Å, blue line). It can be seen that during the first reaction step (120°C), 
common to all samples, XRD confirms the formation of monometallic Au NPs, in agreement 
with the UV-VIS results. By increasing the temperature, the peak positions shift to larger 
Bragg angle values showing a decrease of the lattice parameter in agreement with the 
incorporation of Cu into the Au lattice. The results also show that the higher the temperature, 
the larger the shift, indicating higher Cu incorporation. Interestingly, in the case of 
AuCu_280 sample the superlattice peaks related to the chemically ordered tetragonal 
structure of AuCu can also be seen.107 Therefore, although the yield of NPs decreases with 
temperature and annealing time, keeping the system at 280°C for 30 min lead to NPs with 
Au:Cu molar ratio of 1:1, matching the initial metals ratio, and favoring the formation of the 
chemically ordered bimetallic AuCu phase. 
 
Table 2.2: %Cu (at.) at different temperatures obtained by XPS. 
 
Temperature/Sample AuCu_225 AuCu_260 AuCu_280 
100* 3.4   
120_I* 5.7   
120_F* 22.3   
225_I 29.5   
225_F 26.5 - - 
260_I - 28.6 - 
260_F - 40.3 - 
280_I - - 36.2 
280_F - - 40.4 
*common steps for the three samples. 
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Figure 2.4: XRD patterns of Au1-xCux NPs at different stages of the synthesis: (a) AuCu_225, 
(b) AuCu_260 and (c) AuCu_280. The red dashed line indicates the (111) peak position of 
Au (a= 4.08 Å, JCPDS N° 00-004-0784) and the blue one indicates the (111) position of Cu 
(a= 3.61 Å, JCPDS N°. 00-901-3023). The superlattice peaks of the chemically ordered AuCu 
phase (JCPDS N°. 01-071-5026) are indicated by * in (c). 
 
Table 2.3 presents the Cu at.% obtained by the analysis of the lattice parameter. It is 
possible to confirm the increase in the copper amount as a function of the temperature, 
similarly to what observed by ICP and XPS analyses. However, while ICP/XPS showed that 
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the total amount of Cu raises steadily, e.g. from about 10% when reaching 120°C (120_I) up 
to 20% after 30 min at this temperature (120_F), XRD gives no indication that the Cu is 
incorporated in the Au lattice at this temperature. In all stages, the Cu contents found by XRD 
were smaller than those measured by ICP/XPS, with the exception of the final stages at 260 
°C (260_F) and 280 °C (280_F). 
 
Table 2.3: %Cu (at.) derived from the lattice parameter, obtained by XRD (Eq.2.1) 
Temperature/Sample AuCu_225 AuCu_260 AuCu_280 
100* 0   
120_I* 0   
120_F* 0   
225_I 15.0   
225_F 19.2 - - 
260_I - 21.9 - 
260_F - 38.1 - 
280_I - - 30.1 
280_F - - 50.0 
*common steps for the three samples 
 
Figure 2.5 compares the results found by ICP and XRD. It is possible to observe that, 
as the syntheses proceed, the values obtained by the two techniques tend to converge toward 
the same values. These results likely indicate that part of the Cu species present at the 
beginning of the synthesis, which precipitate together with the Au NPs during the purification 
process, are not detectable by XRD, not even as a separate phase (e.g. metallic Cu or 
crystalline copper oxides).  
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Figure2.5: Comparison of the %Cu (at.) obtained by ICP and XRD as a function of the 
synthesis temperature of (a) AuCu_225, (b) AuCu_260 and (c) AuCu_280. 
 
In order to understand this difference, a detailed analysis was performed by HAADF-
STEM imaging and STEM-EDS elemental analysis on samples 280_I and 280_Fas shown in 
Figure A.6 and Figure A2. Besides the high-contrast (i.e., high thickness and/or mean atomic 
number) of the Au1-xCux NPs, a fainter contrast region can be observed in HAADF-STEM 
images around the particles for the sample 280_I, as indicated by arrows in Figure 2.6. This 
region is mainly composed by copper, as shown by the corresponding STEM-EDS analysis. 
Although this type of analysis is local, this result, associated to the similar quantification of 
Au and Cu provided by ICP and XPS, is strong evidence that the reduction of Cu leads 
initially to the formation of a Cu-rich phase that cannot be identified by means of XRD.  
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Figure 2.6: HAADF-STEM image of 280_I sample, showing the presence of a lower contrast 
phase (indicated by arrows) surrounding the Au1-xCux NPs, mainly composed by copper as 
demonstrated by the comparison between STEM-EDS spectra collected on NPs and on the 
surrounding phase (identical area and acquisition time). 
 
2.4. Discussion 
In the one-pot synthetic method, both metals precursors are added together to the initial 
solution and, depending on the reaction conditions, one may expected the formation of an 
alloy already in the early stages of the synthesis process. Previous works with the Au1-xCux 
system found, however, that in fact Au nucleates first. 72,108 Destro et al.109 probed the 
formation of the AuCu alloy (in air) by in situ X-ray absorption fine structure spectroscopy 
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(XAFS) and confirmed that Au reduction starts already at 70oC. In the present work, where 
the synthesis was performed in vacuum/inert atmosphere, the results confirmed that Au 
precursor is reduced first, and alloy formation is highly dependent on the temperature. 
Considering the experimental conditions implemented in the present work, the early reduction 
of Au can be rationalized considering that 1,2-hexadecanediol is not a strong reducing agent, 
in particular at low temperature, and that Au3+ is reduced easier than Cu2+ due to the higher 
reduction potential (+1.5 and +0.3 eV respectively).110 
One interesting consequence of the formation of monometallic Au NPs at the early stages 
of the synthesis is that theAu1-xCuxNPs, characterized by different compositions, show similar 
sizes. Similar results were reported by Motl et al.72 they implemented a one-pot synthesis 
approach where the amount of Cu in the NPs was controlled by the Au:Cu ratio of the 
precursors. They analyzed eight samples with copper contents ranging from 0 to 50% (at.) and 
seven of them showed an average size in the10-13 nm range. Recently, Sinha et al.,100 
explored the one-pot strategy for the synthesis of Au1-xCuxNPs by varying the (Oley + 
OlAc)/metal and Oley/OlAc ratios seeking to control the average particles size. They reported 
that a 40:1 total ligand: metal ratio led to the smallest average size of the NPs (i.e. about 14 
nm). This value is in line with our results, where the total ligand: metal ratio is 50:1. 
According to Sinha et al.,100 it was not possible to decrease the particle size below this value 
just by increasing the amount of ligands. Smaller Au1-xCuxNPs were only obtained by using a 
seed mediated approach where pre-formed Au NPs are added to solution containing the 
copper precursor.104 We have also found similar results, where the final temperature of the 
synthesis impact both the Au:Cu ratio and the eventual chemical order of the alloy without 
affecting significantly the average particles size. In fact, at 100oC when most of the Au ions 
have already been reduced forming the NPs, the mean size is 14 nm (see Figure S1). It is 
worth to point out that the increase of the Cu content in the NPs from 25 % (AuCu_225) to 
50 % (AuCu_280) should lead to an increase of about 11 % in size. This small increase 
would be hardly detected by TEM due to the size distribution of the samples. Different 
parameters such as total ligand/metal ratio, heating ramp and temperature of step 1 were also 
varied but did not impact significantly in the final particle size (results not reported).  
More interestingly, how the Cu atoms are generated and incorporated to form the alloy is 
still not clear and there are some possible mechanisms that can lead to the Au1-xCux alloy 
formation. Chen et. al.96 proposed that in the seed mediated synthesis, a diffusion-based 
mechanism takes place. They proposed that Cu2+ ions were reduced to Cu atoms and/or small 
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cluster in solution. Then, by colliding with the Au NPs Cu species diffuses into the core of the 
NPs forming the alloy. No evidence of a core-shell structure was found. On the other hand, 
Shore et al.111 observed a core-shell structure in AuAg system at low temperature (< 200oC) 
and the alloy formation was achieved by increasing the temperature. They also showed that 
similar AuAg alloy NPs could be directly obtained by heating Au NPs in the presence of Ag 
precursor at higher temperatures (~250 o C). 
In our work, the combination of XPS, ICP, TEM, XRD and STEM-EDS does not indicate 
the formation of a core-shell structure or the direct formation of atomic species of copper that 
would collide and diffuse into the Au NPs. We showed that the Au NPs are formed at low 
temperature and that the amount of Cu in the final product progressively increases with the 
reaction temperature. Moreover, the copper content inferred from XRD analysis was 
systematically smaller than that measured by ICP and XPS at all reaction stages except at the 
end of the annealing step. Our results strongly indicate that a Cu-rich phase, undetectable by 
XRD, was initially formed and then progressively digested in the reaction medium at high 
temperatures. This Cu phase, amorphous or formed by few nm-sized Cu or CuOx 
nanocrystals, acts as a reservoir of Cu species that are released as the synthesis proceeds and 
that are incorporated into the Au NPs through a solid state diffusion process.  
The growth mechanism of our Au1-xCuxNPs resembles the mechanism called digestion 
ripening described by Smetana et al.112 in which AuCu and AuAg alloy NPs were obtained by 
mixing and heating preformed single metal colloidal NPs in the presence of alkanethiol under 
reflux. This mechanism is highly dependent on the ligand and temperature, and core-shell 
NPs have also been prepared by this method at lower temperatures.113–115 We speculate that 
the large excess of ligands and the high temperature achieved in our synthesis can promote 
the digestion of the Cu-rich phase leading to the formation of the Au1-xCuxalloy, as proposed 
in Figure 2.7.  
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Figure 2.7: Proposed growth mechanism of Au1-xCux alloy NPs. Yellow = Au atom, Red=Cu 
atom. Gray = solid Cu-rich phase. 
 
It is interesting to note that we did not found indication of the formation of core-shell 
Au@Cu NPs in any stage of the synthesis (Figure A1).Recently, Liu et al.103 studied Cu@Au 
NPs and nicely proposed the formation of CuAu alloy through a unidirectional diffusion route 
of Au atoms into to Cu core. The driving force for the Au diffusion was proposed to be the 
structural disorder of the shell, enhanced by temperature. The unidirectional diffusion 
mechanism was associated instead to the structural stability of an Au-diluted CuAu alloy 
front. In our case, since Au NPs formed first, we could expect initially the formation of 
Au@Cu NPs that would then be converted to Au1-xCux alloy. This would happen if enough 
copper species were available in solution at low temperatures and metal diffusivities were 
limiting the alloy formation. In fact, Destro et. al.109 showed by in situ XAFS that the 
reduction of copper starts already at about 120 oC. As a consequence, our results suggest that 
the digestion of a Cu-rich phase forming species available in solution is the limiting factor, 
and the temperature controls the final composition of the Au1-xCux NPs. 
The possibility of an accurate composition control by the colloidal method keeping the 
same size distribution is an interesting and useful approach for several applications, especially 
in heterogeneous catalysis,98 since it makes possible to analyze the effect of the alloy 
composition using particles of similar size and shape. 
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2.5. Conclusions 
We evaluated the effect of the temperature on the synthesis of Au1-xCuxalloy colloidal NPs 
via one-pot approach. By changing the final reaction temperature it was possible to obtain 
uniform spherical particles, with size of about 14 nm, with different composition: Au0.75Cu0.25 
at 2250C, Au0.60Cu0.40 at 2600C and Au0.50Cu0.50 at 280°C. By combining different techniques, 
it was possible to propose a growth mechanism, where Au NPs are formed at low 
temperatures together with a Cu-rich phase. This intermediary Cu-rich phase acts as a 
reservoir of Cu atoms that are incorporated into the Au NPs at a given temperature through a 
digestive ripening like-process.  
The results presented here clearly point out the important role played by the temperature in 
the formation of bimetallic Au1-xCux NPs. Despite the efforts, we still lack deeply studies on 
the phase diagrams at nanoscale, as well as the main mechanisms that determine atomic 
diffusion and phase segregation at nanoscale. This is of crucial importance in several areas, 
such as catalysis, where the interaction with supports and reaction medium can further affect 
the stability of nanoalloys. We hope that our results will contribute to motivate further 
theoretical and experimental studies in this direction. 
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Chapter 3 
 
Formation of bimetallic copper-gold alloy nanoparticles probed by in situ XAFS 
 
 
 
 
This chapter is an adaptation of the paper “Formation of 
bimetallic copper-gold alloy nanoparticles probed by in situ 
XAFS” by Priscila Destro, Daniel Augusto Cantane, Guilherme 
dos Santos Honório, Luelc Souza da Costa, Débora M. Meira, 
José Maria C. Bueno and Daniela Zanchet that is in the final 
revision to be submitted. 
My contribution to this work was the synthesis of AuCu 
nanoparticles, the ex situ characterizations of AuCu 
nanoparticles, participation in the XAFS data analysis and 
writing process. 
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3.1 Introduction 
Bimetallic gold-copper alloy nanoparticles (Au1-xCux NPs) have attracted much 
attention not only from a scientific perspective but also from an applied one, especially in the 
field of catalysis.34 Extensive efforts have been devoted to building synthesis strategies for 
obtaining Au1-xCux NPs with well-controlled chemical composition80,116,117 crystalline 
structure-ordered/disordered87,118, size and shape (morphology).97,119,120Among many 
synthesis methods, the chemical reduction of metal precursors via one-pot approach in 
organic-phase has revealed to be one of the most powerful ways to access these desired Au1-
xCux NPs at nanoscale. 87,104,121 In particular, through controlled synthesis parameters such as 
precursor/co-surfactants concentration and reaction temperature/time Au1-xCux NPs from 
nanospheres to nanowires as well as from disordered to atomically ordered alloys with 
different compositions have been made.87,119 Although a significant progress has been reached 
in synthesizing Au1-xCux NPs in organic-phase via one-pot approach102 the mechanism 
(nucleation and growth) which govern its formation has not yet been satisfactorily understood 
and is currently the greatest hurdle to design bimetallic Au1-xCux materials with well-
optimized proprieties.34,122 To overcome this drawback, ex situ characterizations by sampling 
procedures have been used to unraveling the mechanism involved during the evolution of 
Au1-xCux NPs formation, especially taking out aliquots from reaction solution at different 
times.80,117 Continuing from these understandings, we have recently revealed the temperature 
effect on the final Au:Cu composition, demonstrating the Au1-xCuxalloy NPs formation occurs 
through a digestive ripening-like process.4 However, from these ex situ procedures all shed 
light on the synthesis mechanism cannot be deeply extracted, once that the stability of the 
intermediates formed is critically influenced by interactions of potential in solution, i.e., the 
solvation effects. As another strategy, in situ synchrotron radiation-based X-ray 
characterizations have shown to be capable of identifying and monitoring the chemical 
evolution of the NPs formation in solution. 123 Among them, in situ X-ray absorption fine 
structure (XAFS) spectroscopy have received considerable attention124, since it offers 
versatility, such as monitoring the changes in oxidation states, coordination, bond formation, 
already at the initial stages of nucleation and growth of the NPs, as well as information about 
local environment with chemical sensibility, even in the absence of a crystalline phase.125,126 
By this means, many in situ studies have dedicated in monitoring the formation of bimetallic 
NPs, however in aqueous-phase 127–129 with few limited reports in understanding the 
formation of bimetallic NPs in organic-phase.130 
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Herein, we report new insights into the mechanism of one-pot bimetallic Au0.75Cu0.25 
alloy NPs formation in organic-phase by time-resolved in situ XAFS spectroscopy. For that, a 
home-made system was built enabling the direct monitoring of all events involved during the 
bimetallic NPs formation in organic-phase. Therefore, the reaction sequence of Au0.75Cu0.25 
alloy NPs formation with time resolution was mapped, providing strong evidences that 
digestive ripening-like process is driven by a solid state diffusion mechanism at the metallic 
gold/copper-oxide-rich interface. 
 
3.2 Experimental session 
3.2.1 Chemicals 
HAuCl4.3H2O (99%), and Cu(acac)2 (99%) were used as metal precursors. Oleylamine 
(Oley, 70%) and oleic acid (OlAc, 90%) were used as protective agents. 1,2-hexadecanodiol 
(HDD, 90%) was used as reducing agent and 1-octadecene (1-ODE, 90%) as solvent. All 
reactants were purchased from Sigma-Aldrich and used without further purification. 
 
3.2.2 Synthesis of bimetallic copper-gold nanoparticles 
Bimetallic NPs were synthesized using a protocol previously reported.80 In a typical 
procedure used for in situ XAFS measurements, HAuCl4.3H2O (45 mg) and Cu(acac)2 (68 
mg)were added to a home-made reactor (see details below) containing 1-ODE (5 mL),Oley 
(600 L), Olac (800 L) and HDD (100 mg) (Cu:Au atomic ratio ~ 2.3:1). The mixture was 
magnetically stirred at room temperature to generate a green solution and then heated to 120 
ºC. After holding at 120 ºC for 30 min in air, the solution was heated to 225 ºC and 
maintained at this temperature for 30 min. After that, the solution was cooled to room 
temperature naturally. Similar procedure was repeated at laboratory, to perform ex situ 
characterization by a larger set of techniques and test the reproducibility. The purification was 
carried out by adding acetone: hexane (3:1 volume ratio, 10 mL), followed by centrifugation 
at 12000 rpm for 10 min. The precipitate was dispersed in hexane (10 mL) containing Oley 
(100 L) and Olac (100 L) and the NPs were further purified by centrifugation at 3000 rpm 
for 10 min, to remove large agglomerates. After discarding the precipitated, the NPs were 
precipitated out by adding ethanol (10 mL), followed by centrifugation at 8500 rpm for 8 min. 
The final NPs were dispersed in hexane (5 mL) for characterization. 
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3.2.3 Characterization 
Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) measurements 
were carried out on 3000DV-Perkin Elmer atomic-emission spectrometer. X-ray diffraction 
(XRD) patterns were collected using a Shimadzu X-ray diffractometer XDR7000 with Cu Kα 
radiation (λ = 1.5418 Å), 40 kV and 30mA. Transmission electron microscopy (TEM) images 
were obtained using a JEOL JEM 2100 equipment (200 kV and point resolution of 2.3 Å) 
available at the Brazilian Nanotechnology National Laboratory (LNNano), Campinas, Brazil. 
TEM samples were prepared by depositing a single drop of diluted NPs dispersion (~5 L) on 
ultra-thin amorphous carbon-coated copper grids. EDS-STEM (energy dispersive 
spectroscopy- scanning TEM) was performed with a 2100 FEG-TEM, operating with a probe 
of 1 nm at LNNano. Ultraviolet–visible spectra were acquired with an Agilent 8453 
spectrophotometer. In situ time-resolved X-ray absorption fine structure (XAFS) spectra in 
the near edge region (XANES) were acquired at theD06A-DXAS beamline of the Brazilian 
Synchrotron Light Laboratory (LNLS), Campinas, Brazil, operating in dispersive mode. A 
curved Si(111) monochromator was used to focus the beam at the reactor window center and 
a CCD camera was used as detector (time per spectrum ~ 4-300 s depending on the 
concentration). Data at both absorption edges, Au-L3 (11919 eV) and Cu-K (8979 eV), were 
collected by running twice the experiment. The final spectra were obtained by subtracting 
each collected spectrum from the background signal originated by a solution containing all 
the reactants except the metal precursor of interest. A home-made reactor was built based on a 
round bottom flask with two adjustable hollow Teflon® pistons capped with Kapton® 
windows to allow the X-rays passing through the reaction medium. The optical pathway could 
be adjusted from about 0.5 to 10 mm. The dispersion was stirred with a stir plate and heated 
by a metallic block, controlled via a thermocouple system. Details about the setup for 
monitoring the NPs synthesis by in situ XAFS are presented in the Supporting Information 
(Figure B1). 
 
3.3 Results and discussion 
Far from the best practice in controlled-synthesis, the mapping in time-resolved 
formation of Au0.75Cu0.5 alloy NPs was carried out under air, which could impact on the final 
Cu ratio incorporated into alloy material. Therefore, prior to in situ XAFS measurements, the 
NPs were characterized by ICP, TEM, UV-vis absorption, and XRD to confirm the 
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reproducibility and robustness of the synthesis approach under air condition, besides 
providing a basis for comparison of the obtained nanostructure. 
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Figure 3.1. (a) Representative TEM image;(b) UV-Vis spectrum. The red and blue dashed 
lines indicates the plasmon peak position of Au and Cu NPs, respectively(c) XRD pattern of 
the synthesized bimetallic Au1-xCux NPs The red dashed line indicates the(111) peak position 
of Au (a= 4.08 Å, JCPDS N° 00-004-0784) and the blue one indicates the (111) position of 
Cu (a= 3.61 Å, JCPDS N°. 00-901-3023). 
 
From Figure 3.1a, it is observed that the as-prepared NPs are substantially spherical in 
shape, with an average diameter size of 14.3± 1.3 nm (see statistical information in Table B1). 
UV-vis absorption spectrum in the Figure 3.1b confirmed the formation of Au1-xCux NPs 
alloy; it shows a centered band at 545 nm corresponding to a maximum plasmon resonance 
frequency between the plasmon bands of Au NPs in this size range (red dashed line), at 520 
nm, and Cu NPs (blue dashed line), at 560 nm.80,116 According to ICP data, the purified NPs 
are formed by ~ 1:3 Cu:Au atomic ratio (namely Cu:Au 27.4:72.6 ±0.3%). XRD pattern in the 
Figure 3.1c corresponds to face-centered cubic (fcc) nanostructure with peak positions in 
between of gold and copper standards. Based on the lattice parameter obtained from XRD 
pattern, it is possible to quantify the amount of Cu incorporated into the alloy using the 
Vegard´s Law33 and the results confirm the Cu amount of about 26 %, in accordance with the 
formation of Au0.75Cu0.25 NPs. The elemental line-scan EDS-STEM analysis (Figure C2) is in 
agreement with a homogenous distribution of Cu and Au indicated by UV-Vis and XRD 
measurements. Therefore, the results confirm the formation of Au0.75Cu0.25 NPs. It is 
important noting that a large fraction of Cu precursor was placed to compensate the favorable 
copper oxide formation under air condition (initial Cu:Au 3:1 atomic ratio for generating 
incorporated Cu:Au 1:3). In fact, we have recently demonstrated that under rigorous 
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atmosphere control (oxygen-free), the final Cu:Au composition is the same that one obtained, 
however a smaller initial amount of metal precursorswas required (1:1 Cu:Au ratio).117. A 
fully Cu incorporation into the bimetallic NPs is only reached at the higher temperature 
synthesis, as pointed in previous works80,104,108,117 Our results showed that this method is also 
reproductive under air condition and robust to investigate the mechanism of nucleation and 
growth for a bimetallic system by in situ XAFS spectroscopy. 
 
3.3.1 Nanoparticles formation 
After optimizing the operational conditions for in situ XAFS measurements, the metal 
precursors were added to 1-ODE in the presence of the colloidal stabilizers (Oley and OlAc) 
and reducing agent (HDD). Figures 3.2a,b shows time-resolved in situ XAFS spectra at both 
the Au L3 (E0 = 11919 eV) and Cu K (E0 = 8979 eV) absorption edges, respectively, during 
the growing of the bimetallic Au0.75Cu0.25 NPs. Changes in the spectra can beclearlyseen as 
the synthesis proceeds.  
 
(a) 
 
(b) 
 
Figure 3.2. Time-resolved in situ XAFS spectra at both (a) Au L3- and (b) Cu K-edges 
showing the chemical evolution of Au and Cu species during the synthesis of the bimetallic 
Au1-xCux NPs.  
In the Figure 3.2a, the peak observed just above the threshold of the Au L3-edge, 
known as white-line, is related to dipole transitions 2p3/25d and its intensity is directly 
related to the unoccupied d-projected density of states. 131 Metallic gold as well as cooper has 
nominally a full d band and the changes of the spectra as a function of temperature in the 
Figure 3.2a is in agreement with the evolution of Au(III) oxidation state to Au(0) during the 
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formation of the bimetallic NPs. In the case of Cu K-edge (Figure 3.2b), which mainly 
involves 1s4p dipole transitions, the change in intensity of the white-line is also visible and 
correspond to the evolution of Cu(II) oxidation state to a more reduced state. A pre-edge 
feature emerged upon heating, which is related to dipole forbidden transition from 1s to d 
states. 131 To better understand these changes, selected in situ XANES spectra at different 
temperatures (30, 50, 100, 120, 160, 200 and 225 ºC) are shown in Figure 3.3a a set of 
XANES spectra of standards materials, including Au and Cu foils, HAuCl4 and Cu(acac)2 
precursors and Cu2O powder, are displayed in Figure C3 for reference. 
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Figure 3.3 In situ XAFS spectra for (a) Au L3-edge and (b) Cu K-edge, taken at different 
reaction temperatures: 30 ºC (black-line), 100 ºC (dot), 120 ºC (dash dot–spectrum taken at 
the when reaching 120oC; open-circle–spectrum taken after 30 min at 120oC, respectively), 
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160 ºC (solid-circle line), 200 ºC (star), and 225 ºC (red-line). Insets show a magnified view 
of the edge regions. See text for details. 
 
From both set of spectra, a particular and interesting trend can be observed. The black-
line spectra obtained at 30 ºC in the Figure.3.3a and b match well with those ones observed 
for HAuCl4 and Cu(acac)2 precursors, having Au(III) and Cu(II) oxidation states, respectively 
(see precursors spectra for comparison in the Figure. B3a,b). Focusing on the spectra profile 
at the Au L3-edge, in the Figure 3.3a, it is noted that there is a rapid depletion of signal 
intensity related to the Au(III)species (peak i, at ~ 11922 eV) when the temperature of 
reaction is still mild (lower than 100 ºC temperature). Moreover, two shoulders concomitantly 
emerge at around 11944 eV (peak ii) and 11966 eV (peak iii), which are attributed to a 
metallic gold phase (see pure gold foil spectrum in the Figure B3a), suggesting the formation 
of Au−Au bonding as in the metal phase already at the earliest stage of the reaction. This 
reduction process is also supported by the color changes of the reaction medium from yellow 
to deep-red. It is well-known that the formation of deep-red solution takes place in the 
presence of gold nanoparticles in colloidal dispersions. Therefore, in situ XAFS spectroscopy 
results at the Au L3 absorption edge revealed a nearly complete depletion of the HAuCl4 
precursor as the reaction temperature is increased above 100 ºC.  
In contrast, there is no evidence of Cu(II) converting (from the Cu(acac)2 precursor) to 
Cu(I) or to Cu(0) species up to 100 ºC temperature (dot line spectrum in the Figure 3b). Upon 
reaching the temperature to 120 ºC (dash-dot line spectrum in the Figure 3.3b), however, a 
small pre-peak is detected at about 8981 eV (peak i) and a shift in the position of the main 
peak from (iii) to (ii) position occurred (dash-dot line spectrum in the Figure 3.3b). This 
suggests that the copper reduction start to take place in this temperature. More interestingly 
however, after holding the temperature for 30 min at 120 ºC (open-circle line spectrum in the 
Figure 3.3b), a profile more similar to Cu2O spectrum is visible (see Figure B3b for 
comparison).When the temperature is further increased to 225 ºC, the modifications are small 
but going into the direction of metallic copper. Previously XANES studies of bulk AuCu 
alloy at both Au L3 and Cu K absorption edges have shown qualitatively changes in the 
XANES spectra features when compared with pure Au and Cu foils.131 For example, Kuhn 
and Sham131 found a small increase in absorption just above Au L3-edge threshold (~ 11927 
eV) for bulk Au0.75Cu0.25alloy when compared to Au foil. In the case of Cu K-edge, the study 
has reported a decrease of the absorption pre-edge peak(9879 eV) and an increase of the first 
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main peak for the alloy material (~8994 eV) when compared to Cu foil.131 The red-line 
spectrum in the Figure 3.3a matched well with the one reported for bulk alloy (Figure C3b). 
In contrast, final Cu K-edge spectrum (Figure 3.3b) is very different from both metallic 
copper (Figure C4b) and bulk Au0.75Cu0.25 alloy. These results together reveal that, although 
the Au1-xCux NPs formation occurred, a large fraction of unreduced copper remains in 
solution overcoming the typical features of the absorption spectrum of the bulk alloy. This is 
agreement with the ICP results, that showed that although the initial Cu:Au atomic ratio was 
3:1 the final Cu:Au atomic ratio in the NPs was only 1:3Cu:Au. 
 
3.3.2 Mechanistic aspects 
An illustrative analysis can be drawn from in situ XANES data by looking at the 
profile of absorption intensity at characteristic energies. Figure 3.4a shows the evolution of 
the Au(III) white-line intensity as function of temperature at 11922 eV (peak i in Figure 3.3a) 
and Figure 3.4b shows the corresponding graphic for Cu(II)looking at 8998 eV (peak iii in 
Figure 3.3b). Additionally, the evolution of the intensity of absorption pre-edge peak at ~ 
8981 eV is also shown in the Figure 3.4b, for comparison. 
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Figure 3.4.: Evolution of the X ray absorption intensity at chosen energies for both (a) Au L3- 
(a) and (b) Cu K- edges showing the species evolution as function of temperature. See text for 
details. 
 
We labeled from t1 to t5five main regions in the Figure 3.4. In the Figure 3.4a, the 
large variation in the intensity at the t1 region (< ~60 oC), is due to the poor solubility of the 
HAuCl4in the reaction medium at low temperature, introducing artifacts in the spectra. More 
interesting, proceeding by the t2 region (~60-90oC) the X-ray absorption intensity decreases 
significantly, in agreement with reduction of Au(III) and formation of Au NPs. In t3region, 
from 90 oC to the end of the step at 120oC, there is not significant variation in the X-ray 
absorption intensity. Only during t4 region, when the temperature is again increased the 
intensity decreases. Above ~195 oC (t5 region), the intensity slowly increases again. These 
results can be interpreted as followed: up to 90oC mostly of the gold precursor is already 
reduced forming Au NPs; temperature above 120 oC is necessary to finally reduced residual 
metal ions in solution and/or promote the growth/dissolution of small nanoparticles; above 
~195oC the smoothly increase of intensity indicates a more extensive incorporation of Cu into 
the Au NPs. It is important noting that the spectra intensities obtained at region (t3) and (t4) 
matched well with those ones reported for both bulk Au foil and Au0.75Cu0.5 alloy, 
respectively. 
The interpretation of the reduction pattern of Cu(II) species, Figure 3.4b,was not as 
clear due to the large amount of oxidized species that remained in solution. An attempt to 
interpret the variation was made by looking at two energies, 8981 eV (close to the pre-peak 
region of Cu(I)/Cu(0)) and 8998 eV (Cu(II) white line). At low temperatures (~40 oC), in the 
59 
 
t1 region, the increasing solubility of Cu(acac)2 accounts for the slight increase of the X-ray 
absorption intensity. In the t2 region (~ up to 90 oC) there is no significant variation, in 
contrast to the Au case. Also, different from the Au, during t3 region variations occur; from 90 
oC up to the beginning-middle of 120 oC step the main modification takes place, with increase 
of the Cu(I)/Cu(0) pre-peak and concomitant decrease of the Cu(II) white-line showing the 
beginning of copper reduction. The next modification will only take place in the t4 region, by 
increasing the temperature, indicating that more copper species are reduced. Interesting, the 
intensity profile of the pre-peak (8981 eV) shows an abrupt increase followed by a decrease. 
Since the pre-peak of Cu(I) is much more pronounced than in the metal, these results reveal 
that above ~160oC a more extensive formation of Cu(0) takes place. By this means, the 
reduction process from Cu(II)state to Cu(0) was followed by two slow-stages, one determined 
by the formation of Cu(I) species and other driven by the generation of CuAu alloy. 
To gain further understand the time-evolution chemical nature of the alloy 
nanostructure formed and correlated to the Au L3- and Cu K-edges data, UV-vis, TEM and 
XRD measurements were performed by taking out aliquots (~ 20 L) at different reaction 
temperatures (90, 120, 160, 200 and 225 ºC)during the reaction. For this purpose, the NPs 
were analyzed without further purification; these results were matched with those carried out 
by in situ XAFS measurements.  
Figure 3.5 shows UV-vis absorption spectra as function of the synthesis evolution 
collected at different temperatures. As it can be seen from Figure 3.5, the UV-vis absorption 
spectrum at 90 ºC readily revealed a plasmon band at 520 nm (ii), corresponding to quasi 
spherical gold nanoparticles.80 By increasing the temperature, the UV-vis absorption spectra 
show a clear shift to higher value (~540 nm at 225 oC), indicating the incorporation of copper 
species into the Au crystal lattice.80,116At160 ºC and above, a small but noticeable band at 
around 488 nm, (i), can also be seen. Bulk Cu2O has an optical band gap at 570 nm that 
significantly blue shifts for nanocrystals, depending on size132 and shape133. The presence of 
this band might indicate the concomitant formation of Cu2O nanocrystallites or a thin-layer of 
Cu2O. Therefore, as the temperature is raised to 225 ºC, the shift of the main plasmon band 
and the broadening of the band at around 488 nm may indicate the decreasing of Cu2O species 
and an increase of Cu species into the final NPs. The UV-vis absorption spectrum of the 
purified nanoparticles NPs shows a fully depletion of Cu2O signal and matches well with that 
one reported for AuCu alloy nanoparticles, with no visible presence of residual Cu2O signal.80 
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Figure 3.5: UV-Vis spectra evolution during the synthesis of Au0.75Cu0.25 NPs. NPs spectrum 
obtained after purification was inserted for comparison. The lines are guide to the eyes 
indicating the center absorption bands for Cu2O (i), Au (ii), and AuCu (iii) NPs. An offset 
was applied to all spectra for sake of clarity.  
 
The UV-Vis results further confirm that the growth of bimetallic CuAu NPs is guided 
by multi-stages; firstly the Au NPs formation, followed by the Cu2O formation, and then the 
incorporation of Cu species into the Au crystal lattice. This trend is in agreement with those 
ones earlier observed by time-resolved in situ XAFS measurements. 
Figure 3.6a,b display diameter distribution histograms during the synthesis evolution. 
A set of representatives TEM images is shown in Figure B5. Most of nanoparticles are 
spherical in shape and well-formed nanoparticles, with mean diameter of 11.2 ± 1.2 nm can 
be already seen at 70 oC (Table B1), and increase up to 13.8 ± 1.8 nm at 225°C. At 
intermediates temperatures the size is around 14 nm, considering the error associated to these 
measurements. 
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Figure 3.6: Diameter distribution histograms showing the evolution of synthesis obtained at 
70, 120, 160, and 225 ºC. 
 
Figure 3.7 shows the temporal evolution of the synthesized bimetallic AuCu NPs at 
different temperature (90, 120, 160 and 225 ºC) by XRD measurements. The XRD pattern 
confirms the formation of Au NPs at low-temperature (90ºC), since the peak positions 
relatively matched with that one for bulk Au pattern. This result is much plausible with UV-
Vis data and further confirms the observation obtained by XAFS measurements at the Au L3-
edge. After aging for 30 min at 225 ºC a noticeable shift to higher 2 values in the peak 
positions is observed. This implies that Cu species are incorporated into Au crystal lattice, 
shortening Au-Au bond distance due to the formation of Cu-Au bonding.  
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Figure 3.7: XRD patterns during the formation of AuCu NPs, obtained at different 
temperatures: 90 ºC (black line), 120 ºC (red line), after 30 minutes at 120°C (blue line), 160 
ºC (green line) and 225 ºC (purple line).The red dashed line indicates the (111) plane position 
of Au and the blue dashed line indicates the (111) plane position of Cu. 
From the above results, we can now get a deeper insight about the mechanism behind 
the formation of bimetallic AuCu NPs in organic-phase, as it is illustrated in Figure 3.8.  
 
 
Figure 3.8: Representation of the synthesis evolution in the bimetallic AuCu NPs formation 
in organic-phase. 
 
Destro et al.117 studied the formation of Au1-xCux NPs with different composition in 
oxygen-free conditions by combining different ex situ techniques, suggesting the alloy 
formation takes place by a digestion ripening-like process of a Cu-rich phase that it is formed 
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together with initial Au NPs. Continuing from this investigation, herein we demonstrate the 
Cu intermediate phase (CuOx species) incorporates into the Au NPs through a solid state 
diffusion mechanism at a metallic gold/copper-oxide-rich interface. In situ XAFS clearly 
shows that the Au precursor is mostly reduced when the temperature reaches 90 0C, releasing 
Au NPs with sizes close to the final alloy NPs. Meanwhile, Cu(II) species start to reduce only 
above 90oC forming Cu(I)/Cu(0) species as an intermediate step. These species are not 
detected by XRD but UV-Vis spectra suggest the formation of Cu2O species at these early 
stages. Only above 160 oC it is possible to observe by in situ XAFS a modification on Au and 
Cu profile that can be related to the incorporation of Cu species into the Au nanoparticles pre-
formed at the first step. 
In summa, these results indicates that the formation of Cu2O species (nuclei or 
clusters) and, consequently, their diffusion from Au NPs surface towards inner layers appears 
to be the driving force for the generation of a bimetallic AuCu nanostructure in organic-phase. 
Probably, there are enough thermal energy at higher temperature for supplying both the 
diffusion of solid-structures at nanoscale and the generation of bimetallic nanostructures one, 
as the AuCu NPs. These results also are in agreement with recently study reported on the 
formation of intermetallic AuCu NPs from copper ions diffusion route into gold-seed at high 
temperature.104 
Therefore, we demonstrate that employing a time-resolved mapping by in situ XAFS 
analysis from fundamental chemical processes during the bimetallic nanostructures formation 
can be an interesting tool, not only for controlled-chemical synthesis but also applied-science 
of the nanostructured materials, bringing useful information for scientists to design novel 
bimetallic nanoparticles with well-optimized proprieties. 
 
3.4 Conclusions 
In the present contribution, we have reported the time-resolved evolution of formation 
of colloidal gold-cooper nanoparticles using in situ XAFS spectroscopy. Characterization data 
reveals an intermediate stage during the formation of bimetallic AuCu nanoparticles in 
organic-phase, involving the diffusion of the Cu species into the Au crystal lattice upon 
heating to a specific temperature. The UV-vis, TEM, and XRD measurements further 
confirmed that the formation of bimetallic AuCu NPs occurred by multi-stages, including the 
initial formation of Au NPs, followed by the diffusion of copper species (Cu2O) from the Au 
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NPs surface to their inner lattice, which appears to be the driving force for the generation of a 
bimetallic AuCu nanostructure in organic-phase. The presented results provide more 
information for designing one-pot synthesis of bimetallic nanoparticles, thus manipulating 
monometallic species diffusion processes, for example, by turning reaction time and 
temperature plateau. 
Since other bimetallic alloys of paramount importance can be synthesized by a similar 
protocol in organic-phase, we believe this setup could be extended to build an understanding 
about the processes involved in the initial events of growing and nucleation during the 
formation of a wide range of bimetallic nanostructures.  
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Chapter 4 
 
Incorporation of AuCu nanoparticles on silica: Studies about the stability of 
nanoparticles and the application in CO oxidation reaction 
 
 
The content of this chapter is an adaptation of the article 
entitled “AuCu alloy nanoparticles supported on SiO2: 
Impact of redox pretreatments in the catalyst performance in 
CO oxidation” by Priscila Destro; Sergio Marras; Liberato 
Manna; Massimo Colombo and Daniela Zanchet accepted  to 
Catalysis Today in August 2016. 
Reference: http://dx.doi.org/10.1016/j.cattod.2016.08.003 
My contribution to this work was the synthesis and of AuCu 
nanoparticles and AuCu supported on SiO2, the XRD, TEM, 
and ICP characterizations and writing the paper for 
publication. 
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4.1 Introduction 
Metallic nanoparticles (NPs) are interesting materials that can present strategic 
properties of interest in a large variety of applications. The impressive improvements made in 
the synthetic methods in the last 30 years have permitted an easy access to high quality 
samples of metal NPs for a large number of groups, working in different fields. In this 
context, a significant contribution was made by the colloidal methods, in which the use of 
protective agents and easy handling facilitates the use of the NPs. 26 
In catalysis, the accurate control on size, shape, structure and composition achieved by 
colloidal NPs have been used to address the complex interplay of different factors, such as 
support effect, metal NPs size, metal-oxide interface among others134–138. In several cases, this 
high control and stability of the colloidal NPs are originated by the use of organic capping 
agents that form a protective layer on the metallic surface which prevents the aggregation of 
the NPs and directly participate in the nucleation and grow mechanism. Ligands with 
functional groups (i.e. amines, phosphines, thiols, carboxylic acids), which bind to the metal 
surface and nonpolar tails that provides steric stabilization have been largely used in colloidal 
synthesis of metal NPs.4,138. 
The use of colloidal NPs in catalysis has significantly contributed to understand 
fundamental aspects in several reactions.9,19,90 In the case of bimetallic NPs, the colloidal 
approach is particularly promising, since it enables a fine control of NPs composition and 
homogeneity.48,50 In addition, by using preformed metallic NPs supported on metallic oxides 
(i.e. silica, alumina, titania, ceria, etc.) it is possible to control and stabilize the metal phase 
prior the deposition on the support, which allows a greater stability of the metallic phase, and 
the control of activity and selectivity of the catalyst. 44,140 
Nevertheless, one of the main challenges in the case of supported catalysts produced 
from colloidal NPs is the removal of the organic layer that covers the metallic phase. Their 
presence usually blocks the active sites and thus requires an additional step to activate the 
catalyst, in which the ligands have to be removed without causing sintering or undesired 
modification of the metal NPs.141–143In particular for the case of bimetallic NPs, such as AuCu 
NPs, the conditions required to remove the ligands may induce dealloying, changing 
significantly the NPs properties. 
Several methods have been presented in the literature, such as oxidation by ozone and 
UV radiation144–146, heat treatments in an oxidizing atmosphere and redox cycling at mild 
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temperature 141,147. These procedures may induce alterations in the metal NPs, such as 
sintering, oxidation, migration on the support surface, etc., which has to be evaluated with 
great care to not irreversibly modify the NPs. In general, mild temperatures (< 400oC) are 
used 148,149 but Cargnello et al. recently showed that a fast treatment at high temperatures (500 
–700oC) can also have a similar effect, preserving the NPs.149 
Therefore, understanding the different aspects involved in the activation of colloidal 
NPs for catalytic applications is of fundamental importance. 151,152 In addition to the presence 
of capping ligands on the metallic surface, much less understood is the impact and mechanism 
of removal of other contaminants that may be present in the synthesis medium and that are not 
fully eliminated during the purification steps, such as counter ions and other residues153. In 
conventional methods of catalyst preparation, such as wet and dry impregnation of metal 
precursors, this is much better understood. An important case is the presence of residual 
chlorine from the metallic precursors that can block active sites by different mechanisms and 
thus interfere in the catalyst performance.154,155 
Within this framework, the aim of this work is to evaluate the effect of redox 
pretreatments in the activation and CO oxidation catalytic activity of SiO2 supported AuCu 
colloidal NPs. The AuCu system has been indeed reported as one of the most promising 
metallic system in CO oxidation in which the properties are much superior than the 
monometallic Au and Cu phases, especially in CO oxidation. 156 
4.2 Experimentalsession 
4.2.1Chemicals and materials 
HAuCl4.3H2O (99%) and Cu(acac)2 (99%) were used as metal precursors. Oleylamine 
(Oley, 70%) and oleic acid (OlAc, 90%) were used as protective agents. 1,2-hexadecanediol 
(90%) was used as reducing agent and 1-octadecene (1-ODE, 90%) as solvent. All reactants 
were purchased from Sigma-Aldrich and used without further purification. Silica AEROSIL® 
380(BET surface area of 350-410 m2/g) was purchased from Evonik Industries. 
4.2.2 Synthesis of bimetallic copper-gold NPs 
The synthesis of bimetallic AuCu NPs was adapted from the literature72 and described 
in detail by Destro et al.117 Briefly, 45 mg HAuCl4.3H2O and 30 mg of Cu(acac)2 (molar ratio 
Au:Cu 1:1) were added to a three-necked round-bottom flask containing 5 mL of 1-ODE, 800 
L of OlAc, 600 L of Oley and 100 mg of 1,2-hexadecanediol. The mixture was 
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magnetically stirred at room temperature under vacuum for 30 min, generating a green 
solution. The mixture was heated up under vacuum up to 120 ºC. After holding at 120 ºC for 
30 min, the solution was heated at about 200oC, N2 was fed to the system and the system was 
heated up to 225°C, kept at this temperature for 30 min. The final composition using these 
synthesis parameters was Au0.75Cu0.25, determined by Inductively Coupled Plasma Optical 
Emission Spectroscopy (ICP) using an iCAP 6000 Thermo Scientific spectrometer (Cu at% of 
24,89±0,26%).After purification, a given amount of Au0.75Cu0.25 NPs were dispersed in 5 mL 
of hexane/15 mL of toluene and left in contact with SiO2 support at room temperature and 
under stirring for 12 h. After this period, the solvent became clear indicating that most of the 
Au0.75Cu0.25 NPs impregnated the SiO2 support. The material was washed 3 times using 
hexane and centrifuged at 4000 rpm for 10 min. After the successive washes the material was 
left overnight at 80 °C to dry. Elemental analysis of the Au0.75Cu0.25/SiO2 catalyst gave a total 
metal loading of 1.93±0.20 wt%. 
4.2.3 CatalyticTests 
Catalytic activity data for CO oxidation were collected using a micro reactor system 
(internal diameter = 6 mm) coupled with a NDIR analyzer (ABB Uras 26)for the continuous 
measurement of CO and CO2. The feed gas consisted of a mixture of 1% v/v CO and 6% v/v 
O2 balanced with He with a flow rate of 80 Ncc/min corresponding to a gas hourly space 
velocity (GHSV) of 3000000 Ncc/h (g of (Au + Cu)). Once loaded in the reactor, the catalyst 
was initially activated at 350 °C for 10 h in 6% v/v O2 in He to remove the organic ligands 
present on the NPs surface. Independent thermogravimetric analysis showed that weight loss 
due to organic ligand removal was completed at 350°C. Each catalytic test cycle was 
performed at constant flow rate and inlet gas composition. For each cycle the reactor was 
heated from room temperature to 300°C with a heating rate of 2 °C/min, kept at 300 °C for 30 
min, then cooled to 100 °C with the same rate and kept at this temperature for 30 min. Before 
each cycle the sample was usually pretreated for 1 h at 350 °C either in an oxidizing (6% v/v 
O2, balance He)or in a reducing (5% v/v H2, balance He) atmosphere. Where not specified, no 
pretreatment was performed. In this case, a new test cycle was started immediately after the 
conclusion of the previous one, without changing the gas composition. The heating rate used 
in activation, reducing, and oxidizing pretreatments was set to 5 °C/min.  
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4.2.4 Characterization 
Overview bright-field transmission electron microscopy (BF-TEM) analyses were 
carried out using a JEOL JEM-1011 instrument (thermionic W source, 100 kV high tension).  
HRSEM-EDX analyses were carried out using a JEOL JSM-7500FA instrument, 
equipped with an Oxford X-max LN2-free SDD, with 80 mm2 of sensor active area and 129 
eV of energy resolution at 5.9 keV (MnK). The Extended Pouchou and Pichoir (XPP) matrix 
correction algorithm included in the Oxford AZtec software was used to analyze the data. In 
case of Au0.75Cu0.25NPs colloidal solution, the sample was prepared by dropcasting the alloy 
NCs solution on an ultra-smooth silicon wafer. In case of Au0.75Cu0.25/SiO2, few mg of 
catalyst powder were dispersed in isopropanol by sonication, then the suspension was 
dropcasted on an ultra-smooth silicon wafer. 
X-ray diffraction (XRD) measurements were performed using a RigakuSmartLab X-
ray diffractometer equipped with a 9 kW Cu Kα (= 1.542 Å) rotating anode, operating at 40 
kV and 150 mA. XRD data on colloidal NPs were collected using a zero diffraction silicon 
substrate while a glass sample holder was used for the powdered sample. The diffraction 
patterns were collected at room temperature over an angular range of 20−90°, with a step size 
of 0.05°. XRD data analysis was carried out using PDXL 2.1 software from Rigaku. XRD 
data were used to confirm the Au0.75Cu0.25 alloy composition using the equation proposed by 
Okamoto et al.33 
4.3 Results 
Figure 4.1a shows a representative BF-TEM image of the Au0.75Cu0.25/SiO2 confirming 
that the synthesized NPs are homogeneous and well dispersed on the support (Figure 4.1a). 
The XRD patterns of the colloidal Au0.75Cu0.25NPs and Au0.75Cu0.25/SiO2 catalyst are shown in 
Figure 4.1b.According to the Figure 4.1 it is possible to observe that there is no significant 
modification of the alloy NPs composition in the catalyst. The analysis of peak positions 
confirmed that the average composition of the alloy NPs is Au0.75Cu0.25. It is also possible to 
note that the peaks width are maintained, confirming that there was no sintering after the 
incorporation. 
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Figure 4.1: (a) BF-TEM image of as prepared Au0.75Cu0.25 /SiO2 catalyst and (b) XRD 
patterns of Au0.75Cu0.25 colloidal NPs and Au0.75Cu0.25/SiO2. 
 
The Au0.75Cu0.25/SiO2 sample was used as catalyst in CO oxidation. As described in 
the Experimental section, the sample underwent a series of cycles in order to evaluate the 
impact of the pretreatments in the performance of the catalyst. The test protocol followed in 
the first set of experiments is shown in Figure 4.2a. Firstly, an activation step is performed in 
oxidative atmosphere. This treatment was necessary to burn off from the catalyst surface the 
organic ligands (i.e. Oley and/or OlAc) that acted as stabilizing agents during the colloidal 
synthesis. After the activation, the catalytic activity in CO oxidation is evaluated (Run #1) and 
shown as the black curve in Figure 4.2b.The catalyst is inactive below 220 °C; then, the 
activity slowly increases with temperature and the conversion reaches about 16% at 300 °C. 
During the cooling phase the activity is slightly higher but still significantly limited. The 
sample is then subjected to an oxidative treatment and the reaction cycle repeated (Run #2, 
Figure 4.2b). The CO conversion resulted is slightly higher compared to the first reaction 
cycle, approaching 19 % at 300°C. Repeating again the same oxidative pretreatment resulted 
in a further enhancement of the activity, with a maximum of about 23% at 300°C (Run #3, in 
Figure 4.2b). At the end of the Run#3, two more reaction cycles (Run # 4 and #5) are 
performed without any pretreatment. These two tests results in a different trend in which the 
activity during the heating phase is higher compared to the one measured during the cooling 
transient. Higher CO conversions are also achieved, namely 30 % at 300 °C in Run #4 and 
34% at 275 °C in case Run #5. Despite this different trend during the heating and cooling 
transients when no pretreatments were performed, the main information from the data 
reported in Figure 4.2b is represented by the non-reproducibility of the catalyst performance 
among the different reaction cycles, even when performing the same pretreatment.  
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Figure 4.2: (a) Test protocol for Runs #1 to #5. Grey segments represent the pre-pretreatment 
in oxidizing atmosphere, blue segment the reaction cycle, (b) CO conversion over 
Au0.75Cu0.25/SiO2 during the test protocol depicted in (a). 
 
The same sample was then exposed to a reducing atmosphere at high temperature 
(Figure 4.3). The following reaction cycle resulted in a dramatic change of catalyst activity 
compared to the previous tests (Run # 6, Figure 4.3b). At 75°C the CO conversion started to 
increase and finally reached 100% when approaching 300°C. The activity during the cooling 
cycle resulted even higher if compared to the heating transient (e.g. at 200°C we measured 
66% CO conversion during the cooling transient against 45% measured during the heating 
phase). The reducing pretreatment was repeated, followed by a reaction cycle (Run # 7, 
Figure 4.3b) resulting in the same CO conversion profile. The same result was obtained in 
Run #8. When no pre-treatment was applied before the reaction cycle (Runs # 9 and 10, 
Figure 4.3b), the activity substantially overlapped with the previous run and no hysteresis 
between the heating and cooling transients were observed.  
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Figure 4.3: Test protocol for Runs #6 to #10. Red segments represent the pretreatment in 
reducing atmosphere, blue segment the reaction cycle, (b) CO conversion over 
Au0.75Cu0.25/SiO2 during the test protocol depicted in (a). 
After these series of tests, the sample underwent again a sequence of reaction cycles, 
each preceded by an oxidative treatment (Runs #11 to 13, Figure 4.4a). The CO conversion 
measured during the reaction cycles is dramatically higher if compared to the data reported in 
Figure 4.3, approaching 100% at 300°C. Noteworthy, the three tests resulted in the same 
activity profile, indicating that the activity data are reproducible and the catalyst approached a 
stable behavior. The same situation is observed if no pretreatment is performed: four reaction 
cycles (Runs #14 to 17) results in the same CO conversion profile as a function of 
temperature, as reported in Figure 4.4b. 
 
73 
 
 
Figure 4.4: CO conversion over Au0.75Cu0.25/SiO2 during (a) Runs #11 to #13 performed after 
pretreatment in oxidizing atmosphere, (b) Runs #14 to #17 performed without any 
pretreatment. 
The catalytic activity data presented in Figures 4.2 to 4.4 clearly point out the pivotal 
role of a reducing treatment in order to obtain a stable and considerable catalytic activity over 
the tested Au0.75Cu0.25/SiO2 catalyst. It is evident that the oxidative pretreatment, necessary to 
burn off the organic ligands from the NPs surface, is not sufficient to fully activate the 
catalyst and bring to a stable performance. On the opposite, one reducing treatment is enough 
to improve the activity and provide stable performances. Impressively, the CO conversion 
profiles measured in all the reaction cycles performed after the first exposure to a reducing 
treatment do not exhibit any memory of the previous reaction cycles and pretreatment history: 
the results were influenced exclusively by the pretreatment applied just before the test cycle. 
These experimental evidences likely suggest that the first exposure to a reducing 
environment caused an irreversible change on the catalyst surface that dramatically affected 
the performances of the Au0.75Cu0.25 /SiO2catalyst. 
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In order to shed light on this phenomenon, the Au0.75Cu0.25/SiO2 sample is 
characterized by means of different techniques. We firstly measure the size of the Au0.75Cu0.25 
NPs on the as prepared catalyst (i.e. FRESH) and compare it with the size of the NPs after the 
initial oxidative activation (i.e. OXI) and after a reducing treatment (i.e. RED). Graphical 
evaluation of NPs size from TEM images shows no statistically relevant difference in the 
three samples (Figure 4.5). 
 
Figure 4.5: Size distribution histograms of Au0.75Cu0.25/SiO2 of (a) as prepared catalyst, (b) 
after activation in oxidative atmosphere and (c) after first reduction. 
 
We further characterize the same samples by means of ICP and SEM-EDX, to verify 
their chemical composition. As control experiments we characterize with the same technique 
Au0.75Cu0.25 colloidal NPs and the bare SiO2 support. Results of quantitative SEM-EDX 
analyses are summarized in Table 4.1. 
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Table 4.1: Chemical composition obtained by ICP and SEM-EDX. 
 wt. % 
(Au+Cu)/SiO2 
from SEM-
EDX* 
wt. % 
(Au+Cu)/SiO2 
from ICP 
atomic % 
Cu/(Au+Cu) 
from SEM-
EDX 
atomic % 
Cu/(Au+Cu)  
from ICP 
wt.% 
Cl/SiO2 
wt.% 
Cl/(Au+Cu) 
FRESH 1.596 1.93 ± 0.2 29.24 24.89 0.0313 1.961± 0.654 
OXI 1.357 1.93 ± 0.2 26.40 24.89 0.0201 1.481± 0.741 
RED 1.492 1.93 ± 0.2 25.95 24.89 Not 
detected 
0.000 
SiO2–Aerosil® 
380 
- - - - Not 
detected 
- 
* SiO2 content evaluated based on O signal. The Si signal was influenced by the use of a Si 
wafer for sample deposition. 
 
Data reported in Table 4.1 confirm the presence of Au and Cu in all samples, without 
any significant variation of their content or of their ratio with the applied pretreatment. Au 
and Cu contents obtain by SEM-EDX and their Au: Cu ratio are comparable to those 
measured by ICP. Interesting, besides these two elements, the SEM-EDX analysis of the 
FRESH sample highlights the clear presence of chlorine. It was not possible to detect chlorine 
by ICP due to the use of HCl for sample digestion. This element can be associated to both the 
Au0.75Cu0.25 NPs and the SiO2 support: the Au0.75Cu0.25NPs are synthesized using HAuCl4 as 
precursor, while the fumed SiO2Aerosil is produced using SiCl4. Analysis of unsupported 
Au0.75Cu0.25colloidal NPs and of the bare SiO2 support clearly point out that the chlorine 
observed in the FRESH sample was related to the Au0.75Cu0.25NPs. After the activation 
treatment (OXI sample), the chlorine was still clearly detected, at levels comparable to the 
ones measure over the FRESH sample. On the other hand, after the reducing treatment (RED 
sample) no traces of chlorine could be detected on the sample. Considering the well-known 
poisoning effect of chlorine in CO oxidation over Au catalysts 155,157 we can speculate that the 
oxidative treatment resulted indeed in the removal of organic surfactants, but was not 
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effective for the removal of residual chlorine from the surface of the Au0.75Cu0.25NPs. On the 
opposite, the high temperature treatment in a reducing atmosphere effectively removed the 
chlorine from the Au0.75Cu0.25NPs, thus enhancing significantly the catalytic performances 
and leading to a stable activity. 
 
4.4 Discussion 
The catalytic performance of the Au0.75Cu0.25/SiO2 after been submitted to different 
pretreatments and reactions show a very intriguing and interesting behavior. Firstly, the CO 
conversion achieved after the activation and the following oxidative treatments is typical low, 
and slowly improves cycle after cycle (Figure 4.2). This could indicate, for example that 
ligand residues remain firmly attached to the Au0.75Cu0.25 NPs surface and are slowly released 
in the several cycles. However, the more significant increase in the CO conversion obtained 
during subsequent reactions, without oxidative treatments in between, does not agree with this 
explanation: the reaction atmosphere is indeed less oxidative than the oxidizing pretreatment 
and thus should be less effective in the removal of residual ligands. This is further 
corroborated by the remarkable effect of the reductive pretreatment, which should not have a 
huge impact in removing residual ligands at these mild temperatures. Even more impressive is 
the stability achieved by the catalyst after being submitted to the reducing treatment.  
The detail characterization of the catalysts showed that the size distribution of the NPs 
are not affected in this whole processes. The chemical analysis, on the other hand, showed the 
presence of small amounts of residual chlorine that is eliminated only by the reductive 
pretreatment.  
The presence of chlorine in the colloidal NPs and the FRESH catalyst suggests that the 
purification steps performed in the synthesis of the NPs117 were not able to successfully 
remove it from the surface of the NPs. In fact, the percentage of chlorine detected by SEM-
EDX is of the order of metal atoms percentage at the surface of the NPs, suggesting that the 
surface of the NPs is significantly covered by chlorine species. This result was quite 
unexpected since the NPs go through several precipitation- redispersion before being 
deposited on the SiO2 support. However, it is important to remark that the synthesis and 
purification is performed in organic medium, with a much smaller affinity by chlorinated 
species than aqueous medium. 
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Several authors have reported the poisoning effect of chlorine in catalysts, but the 
mechanism is not totally clear. There are different mechanisms described in the literature to 
explain such a poisoning effect. In the case of Au catalysts, Ho et al.155 proposed that the 
presence of chloride ions can block electrostatically the metal surface, preventing the 
reactants to access the active sites, and favor agglomeration. In other systems, the presence of 
an [MxClyOz] complex has been described especially for Pd-Pt systems using chlorinated 
metal precursors158 Gracia et al. 154 described interesting results regarding the chlorine 
poisoning on platinum supported catalysts and systematically observed the effect of the 
pretreatment for oxidation reactions. They proposed that the chlorinated species, initially on 
the surface, can form a complex phase described as [Mx(OH)yClz] or [MxOyClz] after the 
oxidation. It means that, even if the organic ligands on the surface are removed, after the 
oxidative treatment this chlorinated phase can block the active metal sites. After a reductive 
treatment, the metallic sites that are available can adsorb dissociative H2, which reacts with 
the [MxOyClz] complex forming HCl that can migrate to the support or desorbs as a gas, 
removing the Cl from the surface. This may be one possible mechanism behind the 
considerable increase of the catalytic activity that we detected after the reductive 
pretreatment. 
It is important, however, to consider that the presence of chlorinate species is not the 
only mechanism that can explain the increase of the CO conversion until the catalyst achieved 
a stable state. It is important to highlight that after the oxidative treatment, the AuCu NPs 
undergo a dealloying process, in which the less noble metal, in this case Cu, segregates 
forming CuOx species at the interface with the support.95 The formation of CuOx species may 
facilitate the dispersion and removal of Cl species that were previously on the metal surface 
of the AuCu NPs. Najafishirtari et al.90 described the influence of different pretreatments on 
an AuCu/Al2O3 catalyst and observed that the activation under oxidizing atmosphere removes 
the organic ligand and induces Cu segregation, resulting in the formation of CuOx species 
dispersed on the support. After a reductive treatment these CuOx species can be reduced and 
realloy. This means that by exposing the catalyst to different atmospheres it is possible to 
generate a new chemical environment on the surface of the catalyst, which can directly impact 
the catalytic performances. In this case, a significant role of the support is most likely 
expected and should be also investigated. 
 Despite this complex process, one of the most interesting results found in this system 
is the stability achieved after the first reductive treatment. Once stable, the performance 
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depends only on the last pretreatment before the test, and remains constant even after a large 
number of cycles. These results reveal that the AuCu catalyst do not exhibit a memory of the 
previous reaction cycles or pretreatments, showing a remarkable stability. 
4.5 Conclusion 
 In this work we synthesize Au0.75Cu0.25 colloidal NPs and use them to prepare a SiO2 
supported catalyst characterized by a homogenous size distribution of the metallic phase. The 
pretreatments performed before the catalytic oxidation of CO have a remarkable influence on 
the catalytic performance. After the initial oxidative activation, the CO conversion is very low 
but increases considerably after a reductive pretreatment. After that, the catalyst becomes 
highly stable. This behavior can be related to the removal of Cl residue, detected on the 
catalysts, by the reductive pretreatment and/or the formation of a new chemical environment 
generating stable species on the surface that can improve the CO conversion. The most 
interesting point to be highlighted is that after alternate oxidative/reductive pretreatments the 
CO conversion is totally stable, showing that the material reaches an equilibrium state and 
high activity. 
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Chapter 5 
 
Au1-xCux supported nanoparticles applied on CO oxidation:  
Insights about the support effect using in situ techniques 
 
 
This chapter is an adaptation of the paper “Au1-xCux 
supported nanoparticles applied on CO oxidation: 
Insights about the support effect using in situ techniques” 
by Priscila Destro, Tathiana M. Kokumai, Alice 
Scarpellini, Liberato Manna, Massimo Colombo, Daniela 
Zanchet that is under preparation. 
My contribution to this work was planning the 
experiments, the synthesis of AuCu nanoparticles and the 
catalysts, the ex situ characterization by ICP, XRD and 
BF-TEM, the planning and execution of in situ XRD and 
XAFS measurements, XRD data analysis and writing the 
draft for publication. 
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5.1 Introduction 
Metal alloys are an extremely promising system for the application in catalysis.52,58,159 The 
possibility of mixing two metals allows the modulation of their electronic properties and, by 
synergism between the two metals, the properties of the resulting material are not merely an 
average of the two metals involved, but a new material with distinct and innovative properties.30,32 
In heterogeneous catalysts, the metal phase is supported on a matrix with high surface area 47,160 
Thus, the use of supported nanoalloys becomes an interesting strategy because it permits control 
of size, shape and composition of the metal phase. It is described in the literature that catalytic 
supports are not just a phase where the metallic particles are deposited, but a phase that can 
actively participate in the catalytic cycle.161 In many reactions the support acts by activating one of 
the reagents involved, such as in oxidation reactions. In oxidation reactions, such as oxidation of 
alcohols162, methane163 and carbon monoxide164,165 the support plays a fundamental role, where the 
oxygen is activated on the metal/support interface. An interesting strategy of the design of new 
and promissory catalysts is the application of metal alloys and, by different pretreatments, to 
control the alloying/ dealloying process166,167, allowing the control of metal-oxide contact area. 
Thus, the objective of this work is the deposition of AuCu nanoparticles previously synthesized by 
the method colloidal on silica and alumina and, by redox pretreatments, evaluate the support role 
by in situ techniques. 
5.2 Experimental Session 
5.2.1 Chemicals. 
HAuCl4.3H2O (99%), and Cu(acac)2 (99%), Oleylamine (Oley, 70%) Oleic acid (OlAc, 
90%), 1,2-hexadecanediol (90%), 1-octadecene (1-ODE, 90%). All reactants were purchased from 
Sigma-Aldrich and used without further purification. Silica AEROSIL® 380 (BET surface area of 
350-410 m2/g) was purchased from Evonik Industries and γ-Al2O3 from Strem Chemicals (Surface 
area 190 m2/g) 
 
5.2.2 Synthesis of bimetallic copper-gold NPs. 
The synthesis of bimetallic AuCu NPs was performed as described in details by Destro et 
al.117 Briefly, 45 mg HAuCl4.3H2O and 30 mg of Cu(acac)2 (molar ratio Au:Cu 1:1) were added to 
a three-necked round-bottom flask containing 5 mL of 1-ODE, 800 mL of OlAc, 600 mL of Oley 
and 100 mg of 1,2-hexadecanediol. The mixture was heated up under vaccum to a final 
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temperature between 225 and 280°C to obtain different Au1-xCux compositions. The purification 
was performed by adding a toluene/ isopropanol (1:5 volume ratio) mixture, followed by 
centrifugation/ dispersion in hexane. The samples were labeled based on the final composition, 
AuxCuy where x + y = 1. 
5.2.3 Catalysis preparation 
Purified Au1-xCux NPs from the same batch were dispersed in a mixture of hexane toluene 
(1:3 vol.), then mixed with the support (SiO2 or Al2O3) for 12 h under stirring to obtain 2 %wt (Cu 
+ Au). After deposition, the material was washed 3 times by centrifugation at 4000 rpm with 
hexane. Finally the sample was dried at 80 °C overnight in an oven.  
5.2.4 Characterization 
X-ray diffraction (XRD) ex situ measurements were performed using a Rigaku SmartLab 
X-ray diffractometer equipped with a 9 kW Cu Kα (= 1.542 Å) rotating anode, operating at 40 
kV and 150 mA. XRD data on colloidal NPs were collected using a zero diffraction silicon 
substrate while a glass sample holder was used for the powdered sample. The diffraction patterns 
were collected at room temperature over an angular range of 20−90°, with a step size of 0.05°. 
XRD data analysis was carried out using PDXL 2.1 software from Rigaku. For analyze of the 
metal phase of the catalyst were performed XRD measurements only on the supports Al2O3 and 
SiO2and then subtracted from the from the catalyst XRD pattern originally obtained from the 
catalyst. 
The elemental analysis was done by Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP) using an iCAP 6000 Thermo Scientific spectrometer. Colloidal samples and 
the catalysts were dissolved in HCl/HNO3 3/1 (v/v) overnight, diluted with deionized water (14 
mS), and filtered using a PTFE filter before each measurement. The analyses were performed in 
triplicate. 
Overview bright-field transmission electron microscopy (BF-TEM) analyseswere carried 
out using a JEOL JEM-1011 instrument (thermionic W source, 100 kVhigh tension). 
5.2.5 In situ measurements 
In situ measurements were performed at the beamlines XAFS1 and XPD of the Brazilian 
Synchrotron Light Laboratory (LNLS), Campinas, Brazil. The X-ray absorption fine structure 
spectroscopy (XAFS) measurements were acquired atXAFS1 beamline and a Si(200) 
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monochromator. Spectra in the near edge region (XANES) and in the extended region (EXAFS) 
were acquired at the XAFS1 beamline. The samples were packed in pellets and mounted in a 
home-made quartz reactor coupled to a gas flow system. XANES spectra were collected at Cu K-
edge (8979 eV) and Au L3-edge (11919 eV) in transmission mode with ion chambers detectors 
during the heating and EXAFS measurements collected at 298K.Data at both absorption edges, 
Au-L3 (11919 eV) and Cu-K (8979 eV), were collected by running twice the experiment. The data 
collected was analyzed using Athena code within Ifeffit package.  
The in situ X-ray diffraction measurements were performed at the XPD beamline using a 
Si (100) monochromator in the range 2θ=20-50° using the furnace “Arara” that allows the heating 
up to 350°C using a rate of 5°C/ min and the detector Mythen. The calibration was performed by 
the measurement of the pattern of α-Al2O3 and the wavelength defined as λ=1.5478 Å. Were also 
performed measurements of the bare supports Al2O3 and SiO2 used for the catalyst incorporation. 
The supports were heated up to 350 °C and acquired patterns during the heating. For the data 
analysis, the signal from the bare supports at respective temperature was subtracted from the 
catalyst signal, to analyze only the supported phase. 
 
5.2.6 Catalytic Tests 
The CO oxidation catalytic activity was measured using a micro reactor system coupled 
with a NDIR analyzer that allowed the continuous detection of CO and CO2 concentrations at 
reactor outlet. Typically, 80 mg of catalyst powder was loaded into a quartz reactor (internal 
diameter = 4 mm). The feed gas was a mixture of 1 % v/v CO and 6 % v/v O2 balanced with He, 
with a flowrate of 80 Ncc/min, corresponding to a gas hourly space velocity of 3E+6 
Ncc/h/g(Au+Cu).  
Once loaded in the reactor, the sample was treated for 10h at 350 °C in 6% v/v O2, balance 
He in order to remove organic ligands, as confirmed by thermogravimetricanalysis.167The activity 
measurements were performed by heating up the reactor from room temperature to 300 °C at a 
heating rate of 2°C/min. The temperature was kept constant for 30 min, then the system was 
cooled down at 2°C/min. Before each activity measurement the catalyst was exposed either to a 
reducing (5% v/v H2 in He) or to an oxidizing (6% v/v O2 in He) atmosphere at a temperature of 
350 °C for 1 h. The heating rate used in the initial activation, in the reducing and in the oxidizing 
pretreatments was set to 5 °C/min. Scheme 1 depicts the sequence of pre-treatments and activity 
measurements performed on each catalyst sample. 
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Scheme 5.1: Catalytic test protocol followed in this work. 
5.3 Results and discussion 
The synthesis final temperature was adjusted to obtain colloidal NPs with different 
compositions.116The final compositions were determined by ICP and confirmed by XRD (Figure 
5.1). The results for three sets of NPs (Au0.75Cu0.25, Au0.60Cu0.40and Au0.50Cu0.50) are shown in 
Table C1 and Figure 5.1.The composition analysis by XRD was performed considering the lattice 
parameter variation related do the Au (4.07 Å) and Cu (3.61 Å) based on the Vegard´s Law32. 
Figure 1 shows the XRD patterns of the colloidal NPs. 
20 30 40 50 60 70 80
*
In
te
ns
ity
 (A
rb
 U
ni
ts
)
2°
Au0.50Cu0.50
Au0.60Cu0.40
Au0.75Cu0.25
*
 
Figure 5.1: Diffraction patterns of Au0.75Cu0.25, Au0.60Cu0.40 and Au0.50Cu0.50 colloidal NPs. The 
green dashed line indicates the peak at 2θ=38.2°related to the (111) position of Au (JCPDS no. 00-
004-0784) and the purple dashed line indicates the peak at 2θ=44.6° related to the (111) position 
of Cu (JCPDS no. 00-901-3023). The red asterisks peaks in the Au0.50Cu0.50patternindicates the 
(001) and (100) peaks related to the chemically ordered Au0.50Cu0.50 phase (JCPDS no. 01-071-
5026).  
TEM images confirm the formation of Au1-xCuxcolloidal NPs with 14 nm size, for all 
samples (Figure 5.2a and C1a,d).15 In addition, according to the TEM images it can be observed 
that the Au1-xCuxNPs are preserved after incorporation in the supports and are well-dispersed on 
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the surface of the Al2O3 and SiO2 (Figures 5.2b,c and C1b,c,e,f).The total metal loading was 
determined by ICP (Table S1), and was close to the 2 %wt nominal value for all supported 
materials. 
 
(a) (b) (c) 
Figure 5.2: TEM images of (a) Au0.75Cu0.25colloidalNPs,(b) Au0.75Cu0.25/Al2O3and (c) 
Au0.75Cu0.25/SiO2. 
 
5.3.1 Catalytic results 
Figure 5.3a-c shows the catalytic activity in CO oxidation for the alumina supported 
catalysts after the oxidative and reductive pretreatments (Runs# 10 and 12 of scheme 5.1). Test 
results obtained during the previous runs of the experimental protocol (see Figure C2) show that 
the catalytic activity was reproducible and stable between Runs #6 and 12. Independently from the 
NPs composition, the same qualitative trend was observed when changing the pre-treatment 
environment. The samples pre-treated in an oxidizing atmosphere show a hysteresis between the 
heating and the cooling phase of the test, with the activity being higher during the latter phase. 
The reductive pre-treatment results in a reverse hysteresis, with a higher CO conversion measured 
during the heating transient compared to the subsequent cooling. Exposing the sample to the 
reducing atmosphere resulted in the best CO oxidation performances. Noteworthy, the activity 
during the cooling phase of the experiments were substantially overlapped, independently from 
the applied pre-treatment. The results of Figures 3a-c are surprisingly in line with what recently 
reported by some of us. Najafishirtari et al.98 studied the effect of oxidizing or reducing pre-
treatments on the CO oxidation catalytic activity of ~ 6nm Au0.50Cu0.50 NPs supported on Al2O3. 
Despite the different synthesis procedure and the significantly different size of the AuCu NPs (6 
nm vs 14 nm), the qualitative effect of the pre-treatment was identical. On the other hand, the 
different Cu content in the NPs affected the CO conversion level: as shown in Table 1, the 
temperature at which 50% conversion is achieved resulted to be minimized (i.e. activity 
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maximized) in the case of the Au0.60Cu0.40 sample, independently from the pre-treatment and the 
transient phase of the test considered. 
A completely different picture was observed when the same Au1-xCux NPs were deposited 
on SiO2 (Figure 5.3d-f) and subjected to the same testing protocol. In analogy with alumina, the 
catalytic activity resulted to be strongly dependent from the pre-treatment atmosphere, while the 
qualitative effect of the pre-treatment was independent from the Cu content in the alloy NPs. 
When a stable activity was approached (see Figure C3 and related discussion), the oxidizing pre-
treatment resulted in almost the same CO conversion during both the heating and the cooling 
phase of the test. A complex, “8-shaped” pattern of the CO conversion vs temperature was instead 
observed after high temperature exposure to a reducing environment: at low temperature the 
activity was similar to the one observed after oxidation. Then, the CO conversion increased less 
markedly with temperature compared to the pre-oxidized system, resulting in lower CO 
conversion values before eventually approaching 100% conversion between 200-250°C. Finally, 
the activity during the cooling transient resulted to be almost overlapped with the one measured 
after oxidation, in analogy with what observed for the same NPs supported on alumina.  Also in 
this case, the copper fraction in the starting NPs affected the CO conversion level. Table 5.2 
shows how, similarly to what was observed over Al2O3, the best catalytic performances were 
achieved over the Au0.60Cu0.40 sample. 
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(a) (b) (c) 
(d) 
 
(e) 
 
(f) 
 
Figure 5.3: Catalytic activity in CO oxidation after oxidative and reductive pretreatments for (a) 
Au0.75Cu0.25/Al2O3, (b) Au0.60Cu0.40/Al2O3, (c) Au0.50Cu0.50/Al2O3,(d) Au0.75Cu0.25/SiO2, (e) 
Au0.60Cu0.40/SiO2 and (f) Au0.50Cu0.50/SiO2. 
 
Table 5.1: T50 for the Au1-xCux supported samples under CO oxidation and after being exposed to 
oxidative or reductive pre-treatments. 
Sample Oxidative pretreatment Reductive pretreatment 
 Heating phase Cooling phase Heating phase Cooling phase 
Au0.75Cu0.25/Al2O3 242 °C 188 °C 163 °C 174 °C 
Au0.60Cu0.40/Al2O3 199 °C 168 °C 150 °C 164 °C 
Au0.50Cu0.50/Al2O3 202 °C 173 °C 150 °C 165 °C 
Au0.75Cu0.25/SiO2 144 °C 147 °C 153 °C 147 °C 
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Au0.60Cu0.40/SiO2 110 °C 110°C 141 °C 116 °C 
Au0.50Cu0.50/SiO2 129 °C 126°C 157 °C 126 °C 
 
5.3.2 In situ measurements during the activation 
Since a common pattern was found for all catalysts prepared using the same support, 
independently of the Au:Cu ratio, a series of in situ experiments were performed with catalysts 
prepared using the same batch of colloidal NPs (Au0.60Cu0.40), to understand the transformations 
involved during pre-treatments and to identify the species formed during the catalytic cycles. As 
mentioned before and discussed by Najafishirtari el al.98, after deposited on the support, the Au1-
xCux NPs are still capped by the organic ligands, so it is fundamental an oxidative treatment to 
remove this organic layer and activate the catalyst exposing the metallic phase. Figure 5.4 shows 
the in situ XRD patterns collected during the activation (Run#1) of Au0.60Cu0.40/Al2O3 and 
Au0.60Cu0.40/SiO2 catalysts. The diffraction patterns presented in Figure 5.4 are obtained after 
subtraction of the bare support signals, as described in the experimental section and indicated in 
Figure C4. 
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Figure 5.4: (a) XRD patterns of Au0.60Cu0.40/Al2O3 and (b) Au0.60Cu0.40/SiO2 during the activation 
(Run#1). 
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Figure 5.4 a,b shows the main (111) diffraction peak of the Au0.60Cu0.40 alloy phase at 2θ ~ 
40°. Comparing to the colloidal NPs (see Figure 5.1), the diffraction peaks at room temperature 
become asymmetric after the incorporation of the NPs on both supports. Since the NPs sizes are 
preserved after incorporation, the results suggest that the interaction with the supports surface 
generates this asymmetry that seems more pronounced for the Au0.60Cu0.40/Al2O3catalyst. The 
asymmetric peak can be simulated by considering the presence of two crystalline domains, with 
different Cu contends. Interesting, by increasing the temperature during activation, it is clear that 
the NPs go through a structural Figure C4 shows the XRD patterns and best fits using two 
Gaussians in the range of 2θ=36-42° at selected temperatures.  
For the Au0.60Cu0.40/Al2O3catalyst (Figure 5.4a and C5a,c), the fit obtained at 25°C 
confirms that the (111) peak of the alloy can be simulated using two Gaussians, one centered at 
38.9° (domain #1) and another at 40.0° (domain #2). According to the Vegard´s Law, domain #1 
correspond to an Cu-poor alloy domain (6.6% of copper)and the domain#2 roughly matches the 
original alloy ( 40.9% of copper). By increasing the temperature, both domains show a significant 
decrease of Cu content and, at approximately 200 °C, there is only one metallic domain. At 350°C 
the peak at 2θ =38.2° matches the Au metallic phase, indicating that the NPs go through a 
dealloying process and at the end of the activation what remains are Au NPs and Cu species 
highly dispersed on alumina. This newly formed Cu species are not detected by XRD. 
Figure 5.4b shows the evolution of Au0.60Cu0.40/SiO2 during the activation. Comparing to 
the behavior of on the Au0.60Cu0.40/Al2O3, it is also possible to observe a similar profile with two 
different domains that evolved to a single one during activation. In this case, the initial pattern 
domain #1 corresponds to pure Au and domain #2 to roughly the original alloy composition 
(36.7% of Cu). At approximately 200°C, only one domain is observed, corresponding to Au NPs. 
Similar to the previous case, a dealloying process takes place with the formation of CuOx species, 
not detected by XRD. Interesting, a similar temperature of dealloying was observed by Bauer et 
al.76 for the Au0.50Cu0,50 NPs in silica, indicating that the composition does not seem to affect the 
temperature range of dealloying.  Figure C4c,d shows the evolution of Cu% in each domain for 
both catalysts during the activation. 
To shade light in the Cu species formed during the activation, we perform in situ X-ray 
absorption measurements. Figure 5.5 shows the XANES spectra at Cu K-edge of 
Au0,60Cu0,40/Al2O3, measured during activation (Run#1). 
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Figure 5.5: In situ XANES at Cu K-edge during activation of (a, b) Au0,60Cu0,40/Al2O3.and (c,d) 
Au0,60Cu0,40/SiO2. The black, red, green and blue dashed lines in (b) and (d) indicate the 8980, 
8993, 8997 and 9002 eV energies, respectively. 
 
Comparing the initial spectra, at room temperature, of Au0.60Cu0.40/Al2O3 and 
Au0.60Cu0.40/SiO2 with the Cu metallic standard it is possible to observe a pre-peak at 
approximately 8980 eV that confirms the presence of Cu in metallic state. The attenuation and 
shift of the features at 8993 and 9002eV are expected due to the interaction with Au in the alloy131. 
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The attenuation of the feature at approximately 8997 eV indicates the presence of Cu oxidized 
species presented already at room temperature. These results are in line with the XRD data, 
indicating that a part of the Cu initially present in the colloidal alloy NPs is oxidized by the 
contact with the support surface. A similar trend was also observed in the EXAFS oscillations (not 
shown). The quantitative analysis shows the presence of Cu-Au and Cu-Cu bonds consistent with 
alloy structure; however, Cu-O bonds were also observed after the deposition on both supports 
(Table 5.2). 
 
Table 5.2: First nearest-neighbor average coordination number (CN), bond lengths (R) and 
mean-square deviations (σ2) determined from EXAFS data collected at Cu K edge at room 
temperature. 
 
Sample-condition Cu K edge 
Scattering CN R (Å) σ2(Å2) R-factor 
Cu foil Cu-Cu 12 2,547 0,009 0,006 
 Cu-Cu 6 3,605 0,009  
      
CuO Cu-O 2 1,955 0,007 0,022 
 Cu-O 2 1,965 0,007  
 Cu-O 2 2,788 0,008  
 Cu-Cu 4 2,906 0,008  
      
Au0.60Cu0.40-coloidal Cu-Cu 2,55 2,679 0,014 0,021 
Cu-Au 6,08 2,682 0,014 
Au0.60Cu0.40/Al2O3 
Fresh Cu-O 0,97 1,943 0,007 0,030 
Cu-O 0,97 1,953 0,007 
Cu-Cu 2,10 2,692 0,013 
Cu-Au 4,54 2,641 0,013 
After activation Cu-O 1,50 1,957 0,007 0,007 
Cu-O 1,50 1,967 0,007 
Cu-Cu 0,35 2,913 0,013 
After 1st CO Oxidation reaction Cu-O 1,39 1,953 0,007 0,007 
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Cu-O 1,39 1,963 0,007 
Cu-Cu 0,22 2,987 0,013 
After reducing treatment Cu-O 0,56 1,924 0,007 0,019 
Cu-O 0,56 1,934 0,007 
Cu-Cu 1,38 2,633 0,013 
Cu-Au 4,38 2,659 0,013 
Au0.60Cu0.40/SiO2 
Fresh Cu-O 0,47 1,950 0,007 0,012 
Cu-O 0,47 1,960 0,007 
Cu-Cu 1,38 2,701 0,013 
Cu-Au 5,97 2,678 0,013 
After activation Cu-O 1,68 1,959 0,007 0,004 
Cu-O 1,68 1,956 0,007 
Cu-Cu 2,27 2,857 0,013 
After 1st CO Oxidation reaction Cu-O 1,51 1,948 0,007 0,004 
Cu-O 1,51 1,958 0,007 
Cu-Cu 1,87 2,857 0,013 
After reducing treatment Cu-Cu 3,07 2,537 0,013 0,010 
Cu-Au 5,11 2,686 0,013 
 
During activation (Figure 5.5), a clear evolution of the Cu environment can be seen. After 
200°C, there is a significant modification on the XANES spectra at 8980 and 8997 eV, indicating 
that a major oxidation takes place. This result also agrees with XRD data that shows that the 
dealloying process is completed at this temperature. At the end of the activation process, the 
XANES spectra for both catalysts resemble the CuO standard confirming that the Cu species are 
totally oxidized Interesting, EXAFS analysis confirm the presence of Cu-O bonds for both 
catalysts but differences were found in the Cu-Cu second shell. This contribution is much smaller 
in the case of Au0.60Cu0.40/Al2O3, suggesting that CuOx species are more dispersed in the Al2O3.  
Figure 5.7 shows the AuL3-edge measurements during activation for the Au0.60Cu0.40/SiO2 
catalyst a metallic profile is observed during the entire process; however, it is possible to note a 
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modification on the pre-edge region regarding the dealloying of AuCu during the activation. 
Around 11930 eV, it is observed a characteristic feature of the Au1-xCux alloy, related to the d-
electron transfer from Au to Cu131. The evolution to metallic Au can be easily followed during 
activation. 
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Figure 5.6: XANES at AuL3-edge during the activation (step#1) of Au0.60Cu0.40/SiO2. 
 
The differences between Au0.60Cu0.40/Al2O3 and Au0.60Cu0.40/SiO2 activations, in particular 
the higher dispersion of the CuOx species found in the case of Au0.60Cu0.40/Al2O3were confirmed 
by TEM-EDS mapping (Figure 5.7). By comparing images acquired at the end of the activation 
process, it is possible to observe that while the Cu species are well spread on the Al2O3 surface, in 
the case of SiO2 these species remain localized nearest to the Au NPs. These results clearly show 
that the dealloying mechanism that takes place during the activation is related to the metal-support 
interaction. 
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(a) 
    
(b) 
Figure 5.7: TEM-EDS images after activation of (a) Au0.60Cu0.40/Al2O3 and (b) Au0.60Cu0.40/SiO2. 
 
5.3.3 In situ measurements during the CO oxidation 
In situ XRD and XANES analysis were also carried out under CO oxidation reaction. The 
initial catalyst is formed by Au NPs and CuOx species dispersed on the support. Only slightly 
modifications could be found for both catalysts. By XRD, it was possible to note a small shift to 
lower 2θ at higher temperatures (Figure C7). More interesting, after the cooling phase the (111) 
peak position is exactly the same as the initial one, indicating no irreversible changes in the Au 
phase took place during the reaction. XANES measurements at the Cu K-edge also show a slight 
modification on the pre-edge peak and the white line during the heating, for both supports (Figure 
C8). After cooling, the XANES profiles are similar to the initial ones, indicating that the CuOx 
species do not change significantly during the reaction. The EXAFS data before and after CO 
oxidation reaction confirms that the reaction atmosphere does not affect the nature of the Cu 
species. 
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5.3.4 In situ measurements during the reduction 
A similar set of in situ measurements were also performed under reductive pre-treatment, 
following the CO oxidation reaction (Step#3). Figure 5.8a-d shows the XANES spectra at Cu K-
edge acquired during the reduction of Au0.60Cu0.40/Al2O3 and Au0.60Cu0.40/SiO2. After CO 
oxidation, CuOx species remain dispersed on the support. By increasing the temperature under 
reducing conditions, it is possible to note significant modifications on the white line corresponding 
to copper reduction. These modifications are intensified after 200 °C and, at 350 °C, the XANES 
spectra indicates the presence of both Cu0 and CuOx species. . XANES at Au L3-edge measured 
for Au0.60Cu0.40/SiO2 (Figure 5.8e,f) revealed that a re-alloying process takes place with the 
formation of AuCu NPs. 
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Figure 5.8: In situ XANES during reduction (step#3) of (a) and (b) Au0.60Cu0.40/Al2O3 and (c) and 
(d) Au0,60Cu0,40/SiO2 at Cu K-edge. (d) and (f) shown the XANES at AuL3-edge during the 
reduction of Au0.60Cu0.40/SiO2. 
 
EXAFS data collected at the Cu K-edge (not shown) confirm a very interesting trend 
comparing the systems supported on silica versus alumina. For Au0.60Cu0.40/SiO2 it is possible to 
observe the appearance of Au-Cu bonds, indicating the once the Cu is reduced part of it migrates 
diffuse into the Au NPs, forming and alloy. In addition, it is also observed the formation of shorter 
96 
 
Cu-Cu interactions characteristic of monometallic Cu, suggesting the formation of a second 
population formed by Cu NPs or small metallic Cu domains. Moreover, it is also possible to note 
the absence of Cu-O bonds, indicating the reduction of all CuOx species. On the other hand, for 
Au0.60Cu0.40/Al2O3, the Cu-O contribution was still present, indicating that part of Cu species 
remain oxidized after the reductive step. The formation of reduced Cu in an ordered segregated 
phase was not observed and the analysis of the AuCu CNs suggests that this sample has a higher 
reincorporation of Cu atoms into the alloy, as observed by the decrease in the number of Au 
neighbours seen by Cu (NCuAu) when compared to the reduced Au0.60Cu0.40/SiO2 (see Table 5.2).  
The differences between the interaction of metal phase and Al2O3 or SiO2 are also 
confirmed by XRD data. ForAu0.60Cu0.40/Al2O3 (Figure 5.9a) it is possible to see, besides the 
original Au domain, the appearance of a new metallic domain related to a copper-riched phase 
after 200 °C (see figure S9a). Both domains are enriched by Cu by increasing the temperature and, 
at the end of reduction process, the domains #1 and #2 are centered at 2θ=38.9° and 40.1° 
respectively, corresponding to a richer Cu phase with 33.1% of Cu and another one with 14.2% of 
Cu, according to the Vegard´s Law. 
For Au0.60Cu0.40/SiO2it is possible to see the Cu incorporation but without a clear  
appearance of a new domain (Figure 5.9b).At the beginning of the reduction process, only one 
peak at 2θ= 38.3 ° is observed, related to Au NPs while at the end the final peak correspond to an 
alloy with 11% of Cu content (see figure C9b). 
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Figure 5.9: XRD patterns of (a) Au0.60Cu0.40/Al2O3 and (b) Au0.60Cu0.40/SiO2 during the Step#3 
(reductive). The black dashed lines indicate the initial position of (111). 
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The differences of Au0.60Cu0.40/Al2O3 and Au0.60Cu0.40/SiO2 after reduction are also 
confirmed by TEM-EDS mapping, indicating a higher dispersion of Cu species of 
Au0.60Cu0.40/Al2O3 then Au0.60Cu0.40/SiO2. 
 
(a) 
    
(b) 
Figure 5.10: TEM-EDS images after the reduction of (a) Au0.60Cu0.40/Al2O3 and (b) 
Au0.60Cu0.40/SiO2. 
 
5.4 Conclusion 
The redox pre-treatments performed for Au1-xCux supported on SiO2 and Al2O3 directly 
impact in the catalytic performance. The oxidative pre-treatment induces the dealloying of the 
Au1-xCux nanoparticles resulting in Au nanoparticles and CuOx phase dispersed on the support; 
this process and the characteristics of the CuOx phase are support-depended. This final 
configuration is stable under CO oxidation. When the reductive pre-treatment is performed, the 
CuOx species are reduced and part of the copper migrates forming the alloy nanoparticles, but with 
lower copper contend. This work clearly highlights the crucial role played by the support on the 
stability of the alloy phase, deeply impacting in the final performance of the catalyst. 
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Chapter 6  
 
Global discussion and conclusions 
 
 
In this work it was possible to demonstrate the potentialities of the bimetallic colloidal 
NPs synthesis with a good control of properties targeting catalytic applications. 
Firstly it was studied the formation of colloidal AuCu NPs. In the Chapter 2, it was 
possible to shown the synthesis of homogeneous spherical NPs and understand the effect of 
the temperature in the final composition. By changing the final synthesis temperature, 225, 
260 and 280 °C, it was possible to synthesize particles with the compositions of Au0.75Cu0.25, 
Au0.60Cu0.40 and Au0.50Cu0.50 respectively, with average size of 14 nm. Using different 
characterization techniques to evaluate aliquots taken at different stages of reaction, it was 
possible to infer about the formation mechanism of AuCu NPs, confirming the presence of an 
intermediate Cu-rich phase that is digested during the synthesis to form the alloy. Another 
important step, described in the Chapter 3, was given by in situ XAFS measurements, which 
enabled monitoring the evolution of the metallic precursors in real-time during the synthesis, 
using a special reactor developed by our group. The results supported the solid-state diffusion 
mechanism for the AuCu alloy formation. 
In the Chapter 4, Au0.75Cu0.25 NPs were supported on silica and exposed to redox 
pretreatments and CO oxidation reaction cycles. The pretreatments performed before the 
catalytic oxidation of CO showed direct influence on the catalytic performance. After the 
activation step, the CO conversion is very low but increases considerably after a reductive 
pretreatment. After that, the catalyst becomes highly stable. This behavior can be related to 
the removal of Cl residues, detected on the catalysts, by the reductive pretreatment and/or the 
formation of a new chemical environment generating stable species on the surface that can 
improve the CO conversion. The most interesting point in this stage was that, after alternate 
oxidative/reductive pretreatments the CO conversion is totally stable, showing that the 
material reaches a high activeequilibrium state. 
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After the promising results obtained for Au0.75Cu0.25 supported on silica, tests were 
carried out to verify the stability and catalytic performance of different compositions of Au1-
xCux supported on silica and alumina. The Chapter 5 extensively explored in situ 
characterization techniques to clarify the processes involved in redox pretreatments and CO 
oxidation reaction cycles. By combining in situ X-ray absorption and diffraction, it was 
observed a dealloying process under oxidative atmosphere and re-alloying under reductive 
conditions. The AuCu alloying/dealloying process is directly influenced by the support, 
generating different species on silica or alumina that directly affect the performance of the 
catalyst. 
This doctoral thesis explored different aspects of the use of the AuCu system in 
catalysis, from the alloying mechanisms that take place in colloidal systems to its use in CO 
oxidation reaction, highlighting that the species formed during pretreatments and the nature of 
the support direct impact in the catalytic performance of the material. 
Further studies may be carried out by changing the particle size of AuCu, using 
different supports and also on the application of AuCu NPs in other reactions where a well-
defined metal-support interface is required. 
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A1: TEM images during the synthesis at the points (a) 100°C, (b) 120°C_I, (c) 120°C_F, (d) 
225°C_I, (e) 225_F, (f) 260_I, (g) 260_F, (h) 280_I and (i) 280_F 
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(a) 
 
(b) 
 
A2:HAADF-STEM imaging and STEM-EDS elemental analysis for the two samples obtained 
at (a) 280_I and (b) 280_F 
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Supporting information of Chapter 3 
 
B.1 Reactor design 
A schematic representation of the home-made reactor for in situ XAFS measurements is 
shown at Figure B1a. The reactor consist a round bottom flask with outer joint (1) and two 
“arms” (2), all made in glass. On the two arms are two pistons (3) made in Teflon®, which are 
fixed to the reactor by two devices (4). The X-rays cross the sample through the two pistons. 
On the top of the piston there is a Kapton® window (5), an o-ring (6) and a piece to keep 
everything together (7) even under harsh reaction conditions (250 0C and organic solvents). 
The pistons allow adjusting the optical path, from about 0.3 mm to 10 mm according to the 
sample concentration. Stirring is carried out by a stir plate. The heating is made by an 
aluminum heating block (8) that matches perfectly to the reactor. Two cartridge resistances 
(9) are coupled to the temperature controller. The temperature is monitored by a 
thermocouple. The temperature can reach up to 250 0C without damaging the Kapton® 
window. It the heating block is fixed to the beamline bench, facilitating the alignment of the 
reactor. The reactor is coupled to a reflux system and connected to a nitrogen trap and to the 
exhaustion system. Reaction can be conduct under inert gas by bubbling gas through the 
reflux system. Figure B1b shows a picture of the set-up. 
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Figure B1: (a) Schematic representation of the reactor (see text for details), (b). Photo of the 
reactor (1- reaction vessel, 2 – Teflon pistons, 3 - reaction  solution, 4 - X ray beam). The read 
arrows show the X ray beam pathway.  
 
Table B1.Size evolution of the NPs evaluated by TEM, by taking aliquots at a given 
temperature. 
Temperature (°C) Number of particles Diameter(nm) 
70 768 11.2±1.2 
90 1470 14.8±1.2 
120_initial 1611 12.8±1.1 
120_final 479 13.2±1.2 
160 110 14.5±0.9 
200 150 13.6±0.9 
225_initial 476 15.3±1.3 
225_final 110 13.8±1.8 
After purification 492 14.3±1.3 
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Figure B2.(a) STEM image and (b) elemental line-scan EDS-STEM for abimetallicNP.  
 
 
  
Figure B3.Ex situ XANES spectra of standards at (a) Au L3-edge (HAuCl4 and Au foil) and 
(b) Cu K-edge (Cu foil,Cu(acac)2, and Cu2O). 
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Figure B4:.XANES spectra obtained at the Au L3-edge (a) and Cu K-edge (b). Panel (a) 
AuCu NPs dispersionat 225 ºC and Au foil and panel (b) AuCu NPs dispersionat 225 ºC 
andstandards (Cu foil,Cu(acac)2, and Cu2O). 
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Figure B5.Representative TEM images obtained by taking aliquots at 70, 90, 120, 160, 200, 
and 225 ºC during the AuCu NPs synthesis. 
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Appendix C 
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TableC1: %Cu obtained by ICP for theAu1-xCux nanoparticles studied in this work (colloidal 
and supported) and total metal loading for the supported catalysts,  .  
Sample name molar Cu% wt % metal load 
(Au+Cu) 
Au0.75Cu0.25 25.57±0.08 -- 
Au0.60Cu0.40 41.35±0.04 -- 
Au0.50Cu0.50 48.79±0.07 -- 
Au0.75Cu0.25/Al2O3 23.08±0.09 1.87±0.03 
Au0.60Cu0.40/Al2O3 40.16±0.22 2.01±0.19 
Au0.50Cu0.50/Al2O3 45.47±0.25 1.72±0.11 
Au0.75Cu0.25/SiO2 25.2 ± 0.5 1.87 ± 0.07 
Au0.60Cu0.40/SiO2 34.2 ± 0.2 1.92 ± 0.01 
Au0.50Cu0.50/SiO2 44.81 ± 0.2 1.75 ± 0.09 
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(a) (b) (c) 
 
(d) 
 
 
(e) 
 
(f) 
Figure C1. TEM imagesof (a) Au0.60Cu0.40 (b) Au0.60Cu0.40/Al2O3, (c) Au0.60Cu0.40/ SiO2 (d) 
Au0.50Cu0.50 (e) Au0.50Cu0.50/Al2O3and (f) Au0.50Cu0.50/SiO2. 
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(f) 
Figure C2:Catalytic activity in CO oxidation(Runs #2, #6 and #10) after oxidative 
pretreatments for (a) Au0.75Cu0.25/Al2O3, (b) Au0.60Cu0.40/Al2O3 and (c) Au0.50Cu0.50/Al2O3, and 
after reductive pretreatments (Runs #4, #8 and #12) for (d) Au0.75Cu0.25/Al2O3, (e) 
Au0.60Cu0.40/Al2O3 and (f) Au0.50Cu0.50/Al2O3. 
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Figure C3:Catalytic activity in CO oxidation(Runs #2, #6 and #10) after oxidative 
pretreatments for (a) Au0.75Cu0.25/SiO2, (b) Au0.60Cu0.40/SiO2 e (c) Au0.50Cu0.50/SiO2, and after 
reductive pretreatments (Runs #4, #8 and #12) for (d) Au0.75Cu0.25/SiO2, (e) Au0.60Cu0.40/SiO2 e 
(f) Au0.50Cu0.50/SiO2. In the case of Runs #2 of SiO2 supported samples the lower CO 
conversion can be related to the presence of chloride species on the support from the colloidal 
samples. Details about this trend were discussed by some of us on Destroet. al. (CatTodpaper) 
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Figure C4: XRD patterns ofAu0.70Cu0.30/Al2O3, Al2O3 and the difference between 
Au0.70Cu0.30/Al2O3 and Al2O3 (b)XRD patterns ofAu0.70Cu0.30/SiO2, SiO2 and the difference 
between Au0.70Cu0.30/SiO2 and SiO2. 
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Figure C5: XRD patterns ofAu0.70Cu0.30/Al2O3 in the range of 2θ=34-43° at specific 
temperatures during the activation and best fits of patterns at 25, 100 and 150 °C using two 
Gaussians. (b)XRD patterns ofAu0.70Cu0.30/SiO2 in the range of 2θ=34-43° at specific 
temperatures during the activation and best fits of patterns at 25, 100 and 150 °C using two 
Gaussians. (c) Quantification of Cu related to domain #1, domain #2 and the global 
composition of Cu based on the relative areas. 
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Figure C6: Details about the compositions calculation. The %Cu related to the domain#1 and 
domain #2 are obtained by lattice parameter values related to the Vegard´s Law. The areas 
related to the domains #1 and #2 are obtained by the fitting of two Gaussians using the 
software Origin 8.1. 
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Figure C7: XRD patterns of (a) Au0.60Cu0.60/Al2O3 and (b) Au0.60Cu0.40/SiO2 in in the range of 
2θ=34-43° at specific temperatures during the CO Oxidation (Step#2)  
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Figure C8: (a) XANES Cu-K of Au0.60Cu0.40/Al2O3 under CO + O2 atmosphere at Step#2 
during (a) heating and (b) cooling at specific temperatures. (a) XANES Cu-K of 
Au0.60Cu0.40/SiO2 under CO + O2 atmosphere at Step#2 during (a) heating and (b) cooling at 
specific temperatures. 
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Figure C9: XRD patterns ofAu0.60Cu0.40/Al2O3in the range of 2θ=34-43° at specific 
temperatures during the reduction and best fits of patterns at 200, 220, 290, 300, 325 and 350 
°C using two Gaussians. (b)XRD patterns ofAu0.60Cu0.40/SiO2in the range of 2θ=34-43° at 
specific temperatures during the reduction and best fits of patterns at 25, 100 and 150 °C 
using one Gaussian. 
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